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Introduction 

In  2008,  over  40,000  American  women  will  die  of  breast  cancer  [1],  In  the  same  period,  there  will  be  over 
178,000  newly  diagnosed  cases  of  invasive  breast  cancer,  almost  70%  of  which  will  be  estrogen  receptor-a 
positive  (ER+)  [2,3],  However,  50%  of  all  ER+  breast  tumors  will  not  respond  to  endocrine  therapy  [4], 
Tamoxifen  produces  an  overall  26%  proportional  reduction  in  mortality  [5]  but  many  ER+  tumors  that  show  an 
initial  response  to  tamoxifen  eventually  recur  [4],  Resistance  to  endocrine  therapy  remains  a  significant  clinical 
problem  and  advanced  ER+  breast  cancer  is  largely  an  incurable  disease.  Endocrine  manipulation  in  sensitive 
cells  can  result  in  the  induction  of  cell  death  through  autophagy  and/or  apoptosis.  However,  the  control  of  these 
processes,  and  an  understanding  of  how  the  dual  nature  of  autophagy  is  regulated  in  breast  cancer  cells 
(autophagy  can  be  prodeath  or  prosurvival),  is  largely  unknown.  We  have  recently  obtained  data  implicating  the 
unfolded  protein  response  (UPR)  as  induced  by  the  splicing  of  X-box  binding  protein- 1  (XBP1)  in  the 
regulation  of  endocrine  responsiveness  in  breast  cancer  cells.  UPR  is  a  key  component  of  the  endoplasmic 
reticulum  stress  response  and  has  not  previously  been  implicated  in  endocrine  responsiveness. 

We  propose  that  XBP1  uses  a  specific  cellular  stress  response  mechanism  (the  unfolded  protein  response), 
members  of  the  BCL2  gene  family,  and  two  other  genes,  i.e.,  beclin  1  (BECN1)  and  MYC  to  mediate  this 
control  of  cell  fate.  The  choice  to  live  or  die  is  a  critical  decision  for  a  breast  cancer  cell,  and  a  greater 
understanding  of  how  this  choice  is  regulated  is  needed.  This  IDEA  award  would  allow  us  to  explore,  in  a 
timely  and  effective  manner,  these  very  recent  observations  that  have  lead  directly  to  the  construction  of  our 
novel  hypothesis. 

The  proposed  research  could  lead  to  better  approaches  to  predict  an  individual  patient’s  responsiveness  to 
endocrine  therapies  and  to  the  development  of  new  strategies  to  improve  the  efficacy  of  endocrine  therapies  and 
increase  overall  survival.  For  example,  measuring  the  coexpression  of  activated  XBP1  and  its  key  downstream 
targets  that  regulate  cell  survival  could  be  used  to  more  accurately  predict  the  sensitivity  of  a  tumor  to  endocrine 
therapy.  Inhibiting  the  activation  of  XBP1  could  either  prevent  the  development  of  resistance  or  restore 
sensitivity. 


Body 

Overview:  We  will  study  how  XBP1(S)-UPR  mechanistically  affects  endocrine  responsiveness.  We  propose 
that  XBPl(S)-regulation  of  UPR  activates  prosurvival  autophagy  in  endocrine  resistant  cells  but  can  switch  to 
prodeath  autophagy  leading  to  an  autophagic  and/or  apoptotic  cell  death  in  sensitive  cells.  In  endocrine  resistant 
cells,  we  propose  that  XBP1(S)  maintains  a  high  level  of  prosurvival  autophagy  (UPR),  while  also  increasing 
BCL2  expression  that  feeds  back  to  limit  prodeath  autophagy  (BCL2:BECN1)  and/or  apoptosis  (BCL2). 

We  hypothesize  that  XBP1(S)  is  a  key  regulator  of  breast  cancer  cell  fate,  acting  through  its  regulation  of  UPR, 
BCL2,  and  BCL2:BECN1  heterodimers,  and  their  subsequent  effects  on  autophagy  and  apoptosis.  Specifically, 
we  hypothesize  that  XBP1(S)  uses  UPR  (proautophagy)  and  BCL2  (antiapoptosis)  and  BCL2:BECN1 
interactions  (antiautophagy)  to  regulate  the  balance  between  autophagy  and  apoptosis  and  to  determine  breast 
cancer  cell  fate  in  response  to  antiestrogens  and  aromatase  inhibitors  (which  we  will  model  with  estrogen 
deprivation). 


Specific  Aims  We  will  use  a  series  of  human  breast  cancer  cell  lines/variants  and  apply  established  and  state- 
of-the  art  methods  to  address  our  specific  aims.  We  will  explore  the  mechanistic  role  of  XBP1(S)  and  its 
integrated  signaling  through  UPR  and  BCL2  to  regulate  cell  fate  in  both  endocrine  sensitive  and  resistant  cells. 

Aim  1:  We  will  determine  how  XBP1(S)  affects  cell  fate,  evaluating  the  role  of  an  induction  of  UPR  that 
activates  a  prosurvival  autophagy.  In  endocrine  sensitive  cells,  autophagy  should  persist  and  become  a  cell 


Page  4 


Award  Number:  W81XWH-08-1-0319 _ PI:  Robert  Clarke,  Ph.D„  D.Sc. 

death  mechanism  that  can  also  initiate  apoptosis.  In  resistant  cells,  basal  autophagy  should  represent  a  survival 
mechanism  to  deal  with  the  loss  of  autocrine  and  other  growth  factor  signaling  that  accompanies  endocrine 
therapy,  with  the  switch  to  prodeath  signaling  being  concurrently  suppressed. 

Aim  2:  We  will  determine  how  XBP1(S)  signals  ( e.g .,  through  BCL2  and  BECN1)  to  affect  endocrine 
responsiveness  and  cell  survival.  We  will  then  use  these  data  to  build  an  interactive  in  silico  model  of  how  this 
signaling  operates  (how  the  nodes  are  connected  and  function)  in  the  context  of  endocrine  responsiveness. 

Key  Research  Accomplishments 

•  Endocrine  resistance  in  breast  cancer  cells  over-expressing  XBP1  is  linked  to  increase  in  autophagy  and 
UPR;  however,  the  PERK  arm  of  the  UPR  is  not  involved 

•  Knockdown  of  XBP1  in  resistant  cells  down-regulates  endogenous  BCL2  (antiapoptotic)  expression 

•  Resistant  cells  are  more  sensitive  to  growth  inhibition  by  small  molecule  BCL2  and  MYC  inhibitors 

•  Published  two  peer-reviewed  articles  (see  Reportable  Outcomes) 


Progress  on  our  Statement  of  Work 

AIM  1. 


Aim  1  -  Determine  the  role  of  XBP1(S)  in  endocrine  sensitivity. 


Transiently  transfect  sensitive  cells  (MCF-7,  T47D,  LCC1),  resistant  variants  (LCC2,  LCC9,  T47D-r)  and  the 
negative  control  (MDA-MB-231)  cells  with  XBP1(S)  siRNA  or  XBP1(S)  cDNA  to  assess  their  effects  on  E2 
withdrawal,  response  to  40HT  and 
FAS. 


A 


We  are  currently  testing  the  efficacy  of 
transfection  methods  (by  electroporation,  or 
by  cationic  lipids)  to  transiently  express 
XBP1(U)  and  XBP1(S)  in  the  various  cell 
lines.  Overexpression  of  full  length  in 
T47D  cells  increased  cleavage  of 
autophagy  marker  LC3II  in  response  to 
treatment  with  FAS  (Fig.  1). 


T47EWC 

i  T47D^XSP1  pool 


LjJ 


Fig  1:  Cleavage  of  the  autophagy-associated  marker  LC3II  is  enhanced  in 
T47D/XBP1  cells.  A,  Western  blot.  * denotes  LC3II  cleavage  product.  B, 
quantitation  ofLC3II:actin  ratio.  C=empty  vector;  TUN  =  2jug/ml  (positive 
control).  FAS=100  nM. 


We  have  found  that  knockdown  of 

XBP1(S)  in  LCC9  (resistant  cells),  decreases  endogenous  BCL2  levels  (Fig.  2).  We 
have  also  purchased  XBP1  shRNA  lentiviral  particles  and  are  currently  generating 
stable  cell  lines  that  will  be  used  to  study  response  to  E2  withdrawal  and  sensitivity  to 
40HT  and  FAS  for  longer  treatment  periods  (up  to  7  days). 


LCC9 


\ 


-*  XBP1(S) 
♦ GAPDH 


Aim  1  -  Study  UPR,  autophagy  and  apoptosis  in  vitro. 

•  Quantify  UPR  in  the  sensitive,  resistant  and  negative  control  cells  following 
transient  expression  of  XBP1(S)  using  multiplex  qPCR  to  measure  gene  expression 
in  UPR. 

•  Measure  XBP1  splicing  using  the  luminescent  splice  reporter  plasmid  and  lipid- 


|  -*  Bcl2 

Fig  2  :  Knockdown  of 
XBP1  by  siRNA 
reduces  BCL2 

expression 
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linked  oligosaccharide  (LLO)  extension  during  UPR  as  the  ratios  of  mature  LLOs  to  immature  LLO 
intermediates. 


MCF7/EV  Vehicle 

MCF7/EV  with  1  jiM  Faslodex 

A. 
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Fig  3:  Autophagy  is  enhanced  upon  FAS  treatment  and/or  XBP1  over-expression  in  ER+  breast  cancer  cell  lines. 

A,  MCF7  stably  expressing  XBP1  cDNA  or  the  empty  vector  control  (c)  were  treated  with  FAS  or  ethanol 
control  (ctrl.)  vehicle  prior  to  lysis  and  immunoblotting  using  standard  procedures.  Fold  change  values  indicate 
the  ratio  of  each  target  protein  to  the  loading  control,  and  are  normalized  to  empty  vector,  vehicle-treated  cells. 

B,  Expression  of  GFP-LC3II  in  MCF7/EV  or  MCF7/XBP1  stable  cells.  MCF7/XBP1  cells  treated  with  luM FAS 
showed  increased  level  of  GFP-LC3II. 
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Fig  4  :  UPR  signaling  through  ATF6  and IREla  is  enhanced  in  resistant  LCC9  cells. 

Analyze  autophagy  and  apoptosis  at  early  (4-18  hrs),  early-to-middle  (18-36  hrs),  and  late  stages 
(>36  hs)  using  standard  measures. 


Currently,  we  are  working  on  measuring  UPR-related  gene  expression  levels  using  a  multiplex  qPCR  approach. 
Expression  levels  of  the  following  genes  will  be  measured:  ATF6,  IREla,  PERK,  BIP,  and  EDEM1.  We  are 
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also  collaborating  with  the  newly  established  Proteomics  and  Metabolomics  Shared  Resource  facility  at  our 
institution  to  carry  out  the  HPLC  analysis  to  detect  the  mature  LLOs  to  immature  LLOs. 

Expression  levels  of  UPR-related  protein  expression  levels  were  analyzed  by  Western  blotting  (Fig  3,  4).  Fig  3 
shows  that  autophagy  is  enhanced  upon  FAS  treatment  and/or  XBP1  over-expression  in  ER+  breast  cancer  cell 
lines.  The  data  in  Fig  4  show  that  expression  of  PERK  is  not  altered  by  either  the  acquisition  of  resistance  or 
FAS  treatment.  In  fact,  PERK  expression  is  undetectable  in  LCC1  and  LCC9  cells  except  in  the  presence  of  the 
tunicamycin  positive  control.  PERK’s  downstream  effector  CHOP/GADDI 53  is  also  not  increased  in  resistant 
cells  or  induced  upon  FAS  treatment.  By  contrast,  active  ATF6  (p50  cleavage  product)  is  abundant  in  both  cell 
lines  and  basal  expression  of  its  downstream  effector  BiP/GRP78  is  increased  in  resistant  LCC9  cells.  This  is 
consistent  with  BiP’s  role  as  a  prosurvival  factor  and  its  association  with  drug  resistance  [6,7],  and  with  our 
published  data  showing  increased  XBP1  mRNA  in  these  cells  [8],  Finally,  basal  IRE  la  expression  is  also 
increased  in  resistant  LCC9  cells  (Fig  4).  Since  unconventional  splicing  of  XBP1(U)  mRNA  is  only  performed 
by  IRE  la  [9],  these  data  provide  a  rational  explanation  for  our  observation  that  XBP1(S)  is  the  translated 
protein  that  is  upregulated  in  LCC9  cells.  Together,  these  new  data  suggest  that  ATF6-  and  IREla-driven  UPR 
(but  not  PERK)  are  essential  mediators  of  endocrine  resistance.  A  central  role  for  XBP-1  is  already  evident  in 
canonical  UPR  signaling,  XBP1(T)  being  induced  by  the  ATF6  arm  and  spliced  in  the  IRE  la  arm. 


Months  9-12: 

Aim  1  -  Address  in  vivo  studies  of  the  manipulations  that  are  most  informative  from  the  in  vitro  studies. 

•  Evaluate  hormone  sensitivity  by  administration  of  E2  (0.72  mg)  or  TAM  (5  mg)  by  s.c.  intrascapular  implantation  of  a 
60-day  release  pellet,  ICI  182,780  (0.5  mg  i.p.  depot  once  weekly)  or  the  BCL2  inhibitor  ABT-737  (75  mg/kg  given 
daily  i.p.  for  two  weeks). 

•  Explore  tumor  latency  and  specific  growth  delay  using  the  Kaplan-Meier  approach,  and  study  differences  among  groups 
by  the  Log-Rank  test. 

We  have  chosen  to  delay  the  in  vivo  studies  to  allow  for  a  more  detailed  understanding  of  the  system  in  vitro. 
This  will  also  help  us  to  design  the  most  informative  in  vivo  studies.  We  also  have  not  yet  obtained  final 
approval  to  initiate  the  animal  studies.  This  delay  was  on  our  part  (not  the  DOD),  we  the  animal  protocol  had 
expired  and  we  first  had  to  obtain  new  institutional  approval  for  these  studies  from  our  IACUC.  We  obtained 
institutional  approval  and  we  will  shortly  submit  the  necessary  paperwork  to  DOD  for  their  approval.  We  will 
not  initiate  any  animal  studies  on  this  award  until  we  have  final  approval  from  DOD  to  proceed. 


AIM  2. 

Aim  2  -  Studies  to  block  BCL2  and  MYC  in  vitro 

•  Use  siRNA/small  molecule  inhibitors  to  block  BCL2  and  MYC  in  cells  constitutively  expressing  XBP1(S)  -  both 
transfected  cells  and  cells  that  over-express  endogenous  XBP1(S)  -  and  determine  their  effects  on  FAS,  40HT,  and  E2- 
withdrawal. 

We  have  begun  the  studies  using  small  molecule  inhibitors  of  BCL2  and  MYC.  Fig  5  shows  that  the 
antiestrogen  resistant  LCC9  cells  are  more  sensitive  to  growth  inhibition  by  small  molecule  inhibitors  of  BCL2. 
The  preliminary  data  in  Fig  6  show  that  LCC9  cells  are  more  sensitive  to  a  small  molecule  inhibitor  of  myc. 
These  studies  are  still  on  progress  and  will  likely  be  updated  further  in  the  next  annual  report. 
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EtOH  VC-137  LCCf  LCC& 


Treatment 


ANGVA,  p<  0.001 

*pO.05  for  treatment  vs  Ctrl  and  YC137 
**p<0.05  for  treatment  vs  Ctrl,  YC137,  or  ICI 


Fig.  5:  AE-resistant  cells  are  more  sensitive  to  growth  inhibition  by  small  molecule 
BCL2  inhibitors.  A,  MCF7/XBP1;  B,  LCC1/LCC9  using  HA1 4-1.  C,  LCC1/LCC9 
using  YC-137. 


Vehicle  10nME2  Vehicle  10  nM  E2 


Fig  6:  LCC9  cells  were  more  sensitive  to  growth  inhibition  by  small  molecule  MYC  inhibitor  (10058-F4,  Calbiochem) 
and  inhibits  E2-mediated  increase  in  cell  proliferation  in  LCC1  cells.  Left  Panel,  LCC1,  Right  Panel,  LCC9. 
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Reportable  Outcomes 


Papers  and  Meeting  Reports* 

•  Shajahan,  A.N.,  Riggins,  R.B.  &  Clarke,  R.  “The  role  of  X-box  binding  protein- 1  in  tumorigenicity” 
Drug  News  Perspect  22:  241-246,  2009. 

•  Clarke,  R..  Shajahan,  A.N.,  Riggins,  R.B.,  Cho,  Y.,  Crawford,  A.,  Xuan,  J.,  Wang,  Y.,  Zwart,  A.,  Nehra, 
R.  &  Liu,  M.C.  “Gene  network  signaling  in  hormone  responsiveness  modifies  apoptosis  and  autophagy  in 
breast  cancer  cells.”  J  Steroid  Biochem  Mol  Biol ,  1 14:  8-20,  2009. 

*We  include  in  the  appendix  reprints  of  those  papers  that  are  already  published  and  for  which  we  have  proofs  or 
reprints.  We  do  not  list  here  or  include  in  the  appendices  any  published  abstracts,  but  can  do  so  if  requested. 


Conclusions 

We  have  made  very  good  progress  on  the  proposed  work  in  our  first  year.  The  data  strongly  support  our 
preliminary  data  on  a  central  role  for  autophagy  and  UPR,  and  have  shown  that  the  PERK  arm  of  the  UPR  is 
probably  not  a  key  player.  The  two  remaining  arms  (the  ATF6  arm  that  induces  XBP1  transcription  and  the 
IRE  la  arm  that  splices  XBP1)  seem  to  be  the  most  important.  Our  initial  data  showing  that  the  resistant  cells 
are  more  sensitive  to  BCL2  and  MYC  inhibitors  is  particularly  interesting  and  important,  as  they  suggests  that 
our  initial  ideas  about  signaling  are  potentially  on  the  right  track.  Furthermore,  the  potential  that  these  small 
molecule  inhibitors  may  be  candidates  for  consideration  as  new  drug  therapies  is  now  being  directly  support  as 
worthy  of  further  investigation. 


References 

1  Jemal,  A.,  Siegel,  R.,  Ward,  E.,  Murray,  T.,  Xu,  J.,  Smigal,  C.  and  Thun,  M.  J.  Cancer  statistics,  2006.  CA 
Cancer  J  Clin,  56:  106-130,  2006. 

2  Foulkes,  W.  D.,  Metcalfe,  K.,  Sun,  P.,  Hanna,  W.  M.,  Lynch,  H.  T.,  Ghadirian,  P.,  Tung,  N.,  Olopade,  O. 
I.,  Weber,  B.  L.,  McLennan,  J.,  Olivotto,  I.  A.,  Begin,  L.  R.  and  Narod,  S.  A.  Estrogen  receptor  status  in 
BRCA1-  and  BRCA2 -related  breast  cancer:  the  influence  of  age,  grade,  and  histological  type.  Clin  Cancer 
Res,  10:  2029-2034,  2004. 

3  Thorpe,  S.  M.  Estrogen  and  progesterone  receptor  determinations  in  breast  cancer.  Technology,  biology 
and  clinical  significance.  Acta  Oncol,  27:  1-19,  1988. 

4  Clarke,  R.,  Leonessa,  F.,  Welch,  J.  N.  and  Skaar,  T.  C.  Cellular  and  molecular  pharmacology  of 
antiestrogen  action  and  resistance.  Pharmacol  Rev,  53:  25-71,  2001. 

5  EBCTCG  Early  Breast  Cancer  Trialists'  Collaborative  Group.  Tamoxifen  for  early  breast  cancer:  an 
overview  of  the  randomized  trials.  Lancet,  351:  1451-1467,  1998. 

6  Jiang,  C.  C.,  Mao,  Z.  G.,  very-Kiejda,  K.  A.,  Wade,  M.,  Hersey,  P.  and  Zhang,  X.  D.  Glucose-Regulated 
Protein  78  Antagonizes  Cisplatin  and  Adriamycin  in  Human  Melanoma  Cells.  Carcinogenesis,  2008. 


Page  9 


Award  Number:  W81XWH-08-1-0319 _ PI:  Robert  Clarke,  Ph.D.,  D.Sc. 

7  Virrey,  J.  J.,  Dong,  D.,  Stiles,  C.,  Patterson,  J.  B.,  Pen,  L.,  Ni,  M.,  Schonthal,  A.  H.,  Chen,  T.  C.,  Hofman, 
F.  M.  and  Lee,  A.  S.  Stress  chaperone  GRP78/BiP  confers  chemoresistance  to  tumor-associated 
endothelial  cells.  Mol  Cancer  Res,  6:  1268-1275,  2008. 

8  Gu,  Z.,  Lee,  R.  Y.,  Skaar,  T.  C.,  Bouker,  K.  B.,  Welch,  J.  N.,  Lu,  J.,  Liu,  A.,  Zhu,  Y.,  Davis,  N.,  Leonessa, 
F.,  Brunner,  N.,  Wang,  Y.  and  Clarke,  R.  Association  of  interferon  regulatory  factor- 1,  nucleophosmin, 
nuclear  factor-kappaB,  and  cyclic  AMP  response  element  binding  with  acquired  resistance  to  faslodex 
(ICI  1 82,780).  Cancer  Res,  62:  3428-3437,  2002. 

9  Yoshida,  H.,  Matsui,  T.,  Yamamoto,  A.,  Okada,  T.  and  Mori,  K.  XBP1  mRNA  is  induced  by  ATF6  and 
spliced  by  IRE1  in  response  to  ER  stress  to  produce  a  highly  active  transcription  factor.  Cell,  107:  881- 
891,2001. 


Page  10 


Drug  News  Perspect  22(5),  June  2009 


LOOKING  AHEAD 

THE  ROLE  OF  X-BOX  BINDING 
PROTEIN-1  IN  TUMORIGENICITY 


Pharmacological 
inhibitors  of  the 
XBP-1-mediated  UPR 
pathway  could  be 
important  anticancer 
therapeutic  tools. 


by  Ayesha  N.  Shajahan, 

Rebecca  B.  Riggins  and  Robert  Clarke 

In  poorly  vascularized  solid  tumors,  cancer 
cells  face  hypoxia  and  glucose  deprivation 
that  disrupt  protein  folding  in  their  endo¬ 
plasmic  reticulum  (EnR).1  Abnormal  accu¬ 
mulation  of  proteins  in  the  EnR  activates  an 
adaptive  mechanism  called  the  unfolded 
protein  response  (UPR).  Initially  a  compen¬ 
satory  mechanism  allowing  cells  to  recover 
normal  EnR  function,  prolonged  UPR  may 
induce  cell  death.  This  is  often  dependent 
upon  which  arm  of  the  UPR  signaling  path¬ 
way  predominates.  The  UPR  can  also  acti¬ 
vate  autophagy2  but  whether  this  is  a  pro¬ 
survival  or  prodeath  autophagy  is  unknown 
since  UPR  activation  leads  to  prodeath  and 
prosurvival  outcomes.3  Prolonged  cell  sur¬ 
vival  in  nutrient-limiting  conditions  or  fol¬ 
lowing  anticancer  drug  treatment  is 
attained  by  coordinating  the  transcription  of 
a  complex  array  of  genes  in  the  UPR.4  X-box 
binding  protein-1  (XBP-1),  which  undergoes 
unconventional  splicing  in  the  cytosol,  is  an 
obligate  component  in  two  arms  of  the  UPR 
signaling  pathway.5,6  Therefore,  compounds 
that  target  XBP-1  may  have  therapeutic 
activity  for  the  treatment  of  some  cancers. 

XBP-1  IN  UPR 

Transmembrane  EnR  proteins  ATF6  (acti¬ 
vating  transcription  factor  6),  IRElcc  (inositol 
requiring  enzyme  1  oc),  or  IRE1(3,  and  PERK 
(double-stranded  RNA-activated  protein 
kinase  [PKR]-like  endoplasmic  reticulum 
kinase)  initiate  UPR  through  different  sig¬ 
naling  pathways  that  include  transcription 
factors  and  that  lead  in  turn,  to  the  coordi¬ 
nated  expression  of  multiple  UPR  target 
genes  (Fig.  I).7,8  Activated  ATF6  increases 


the  messenger  RNA  (mRNA)  level  of  XBP-1, 
while  IRElcc  mediates  the  unconventional 
splicing  of  the  XBP-I(U)  mRNA,  the 
unspliced  form,  to  produce  XBP-I(S),  the 
spliced  form  that  is  a  potent  UPR  transcrip¬ 
tional  activator.6,9,10  XBP-1  belongs  to  the 
basic  region/leucine  zipper  (bZIP)  family.11,12 
XBP-I(S)  has  a  molecular  weight  of  ~54 
kDa;  splicing  removes  a  26-bp  intron  and 
creates  a  translational  frame-shift.  XBP-I(U) 
has  a  molecular  weight  of  ~33  kDa  and  acts 
as  a  dominant  negative.13,14  While  both  XBP- 
1  isoforms  contain  DNA-binding  domains, 
XBP-I(S)  contains  an  activation  domain  and 
XBP-I(U)  contains  a  degradation  domain 
(Fig.  2).  The  basic  region  of  the  DNA-bind¬ 
ing  domain  functions  as  a  nuclear  localiza¬ 
tion  signal  (NLS)  but  only  XBP-I(U)  contains 
a  nuclear  exclusion  domain  (NES)  that 
enables  the  protein  to  shuttle  in  and  out  of 
the  nucleus.15  Regulation  of  transcription  by 
XBP-I(S)  is  a  consequence  of  its  homo¬ 
dimers  activating  specific  cAMP  response  ele¬ 
ments  (CREs)  with  a  conserved  ACGT  core 
sequence  GATGACGTG(T/G)  NNN(A/T)T— 
sometimes  called  the  UPR  element3,16  or  the 
endoplasmic  reticulum  stress  response 
element  I  (ERSE-I).17  XBP-I(U)  acts  as  a 
dominant-negative  inhibitor  of  the  active 
XBP-I(S)  species  and  can  prevent  an  effec¬ 
tive  UPR.18 

XBP-1  can  induce  EnR-targeted  proteins 
including  glucose  regulated  protein  78 
(GRP78),  also  called  binding  immunoglobu¬ 
lin  protein  (BiP),  which  help  resolve  EnR 
stress  and  foster  cell  survival.19  Once  UPR  is 
initiated,  accumulated  unfolded  protein  is 
either  correctly  refolded,  or  degraded 
through  the  EnR-associated  protein  degra¬ 
dation  (ERAD)  system.  However,  if  the 
unfolded  protein  level  exceeds  a  threshold, 
the  affected  cells  are  committed  to  cell 
death,  which  is  mediated  by  ATF4  and  ATF6, 


SUMMARY 

Rapid  growth  of  a  tumor  can  over¬ 
whelm  the  vasculature  that  supplies  it 
with  nutrients  and  oxygen.  Inside  such 
tumors,  cells  undergo  endoplasmic 
reticulum  stress  but  can  survive  such 
adverse  microenvironments  by  an 
adaptive  mechanism  called  the  unfold¬ 
ed  protein  response  (UPR).  X-box  bind¬ 
ing  protein-1  (XBP-1)  is  a  critical  tran¬ 
scriptional  activator  of  the  UPR  and  is 
responsible  for  regulating  the  function 
of  genes  in  cell  survival.  An  unconven¬ 
tional  splicing  of  the  XBP-I(U)  messen¬ 
ger  RNA  (mRNA)  results  in  two  pro¬ 
teins:  XBP-I(S)  that  is  often  increased 
in  a  variety  of  human  cancers  and  any 
translated  proteins  from  the  unspliced 
XBP-I(U)  mRNA  that  acts  as  a  domi¬ 
nant  negative  of  endogenous  XBP-I(S) 
action.  In  cancer  cells,  overexpression 
of  XBP-1  can  confer  drug  resistance  by 
preventing  drug-induced  cell-cycle 
arrest  and  mitochondrial  permeability 
and  apoptosis,  while  downregulation  of 
XBP-1  increases  the  sensitivity  to  killing 
by  hypoxia.  XBP-1  is  also  implicated  in 
cellular  de-differentiation,  oncovirus 
infection  and  the  epithelial-to-mes- 
enchymal  transition.  Given  that  XBP-1 
mediates  a  wide  range  of  responses  in 
tumorigenesis,  it  is  logical  to  focus  on 
XBP-1  as  an  anticancer  therapeutic  tar¬ 
get.  Furthermore,  combining  inhibitors 
of  XBP-1  with  other  anti-UPR  drugs 
may  enhance  the  activity  of  some  anti¬ 
neoplastic  therapies. 
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Figure  1.  Schematic  diagram  of  X-box  binding  protein-1  (XBP-1)  in  the  unfolded  protein  response  (UPR) 
signaling  pathway.  XBP-1  is  located  at  a  critical  junction  in  this  pathway  that  controls  prodeath  and  pro¬ 
survival  signals.  PERK,  double-stranded  RNA-activated  protein  kinase  (PKR)-like  endopolasmic  reticu¬ 
lum  kinase;  ATF,  activating  transcription  factor;  IREIa,  inositol  requiring  kinase  1  a;  JNK,  c-Jun  N-termi- 
nal  kinase;  elF2a,  eukaryotic  initiation  factor  2  a;  CPIOP,  C/EBP-homologous  protein;  NF-kB,  nuclear 
factor-KB. 
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Figure  2.  Unconventional  splicing  of  X-box  binding  protein-1  (XBP-1).  This  splicing  is  considered  uncon¬ 
ventional  because  it  occurs  in  the  cytoplasm.  Endonuclease  activity  in  IREIa  (inositol  requiring  kinase  1 
a)  removes  a  26-bp  fragment  from  a  conserved  stem-loop  region  of  XBP-1  RNA,  resulting  in  two  spliced 
variants.  The  sizes  of  the  resulting  proteins,  XBP-I(U)  and  XBP-I(S),  are  ~33  kDa  and  ~54  kDa,  respec¬ 
tively.  The  DNA-binding  domain  and  nuclear  localization  signal  (NLS)  are  present  on  both  isoforms.  The 
nuclear  exclusion  signal  (NES)  domain  and  the  degradation  domain  are  unique  to  XBP-I(U)  while  the 
transcriptional  activation  domain  is  unique  to  XBP-I(S). 


as  well  as  activation  of  the  JNK/AP-1/ 
Gadd153  or  C/EBP-homologous  protein 
(CHOP)-signaling  pathway.20  While  CHOP 
negatively  regulates  antiapoptotic  mole¬ 
cules  such  as  BCL-2,21  the  prosurvival 
nuclear  factor-KB  (NF-kB)  can  inhibit  CHOP 
activation  in  breast  cancer  cells  undergoing 
EnR  stress.22  Thus,  the  balance  of  GRP78 
and  CHOP  expression  regulates  the  UPR- 
mediated  cell  survival  or  cell  death. 
Reduced  susceptibility  to  cell  death  upon 
activation  of  the  UPR  may  contribute  to 
tumor  progression.20 

XBP-1  IN  CELL  SURVIVAL 
Apoptosis 

Apoptosis  is  defined  by  morphological  crite¬ 
ria  related  to  organized  chromatin  conden¬ 
sation  and  fragmentation  of  the  cell  nucle¬ 
us,  accompanied  by  cleavage  of  DNA, 
formation  of  apoptotic  bodies,  cell  shrink¬ 
age  and  ruffling  of  the  cell  membrane.23'24 
Apoptosis  is  a  form  of  programmed  cell 
death,  and  primarily,  two  major  pathways 
are  involved:  intrinsic  and  extrinsic  path¬ 
ways.  The  intrinsic  (mitochondrial)  pathway 
is  regulated  by  the  proapoptotic  and  anti¬ 
apoptotic  BCL-2  family  members.  This  path¬ 
way  involves  changes  in  mitochondrial 
membrane  permeability  (MMP),  release  of 
cytochrome  c,  exposure  of  phosphatidylser- 
ine,  and  the  eventual  loss  of  plasma  mem¬ 
brane  integrity.25  The  extrinsic  (cell  surface 
receptor)  pathway  is  dependent  upon  extra¬ 
cellular  signals  including  tumor  necrosis 
factor-oc  (TNF-oc),  Fas  ligand,  and  TNF- 
related  ligand  TRAIL.24'26  Both  of  these 
pathways  can  activate  caspases  that  cleave 
DNA  and  catabolize  the  cytoskeleton  result¬ 
ing  in  cell  death. 

Considering  the  association  between  UPR 
and  tumor  development,  pharmacological 
inducers  of  EnR  stress  that  selectively  pro¬ 
mote  apoptosis  while  disrupting  the  prosur¬ 
vival  UPR  molecules  could  be  promising 
anticancer  therapeutic  agents.  The  anti¬ 
cancer  drug  resveratrol,  a  naturally  occur¬ 
ring  polyphenolic  compound  highly 
enriched  in  grapes  and  red  wine,  has  been 
reported  to  induce  apoptosis  in  response  to 
EnR  stress  followed  by  XBP-1  splicing.27 
Bortezomib,  a  26S  proteasome  ATPase 
inhibitor,  was  shown  to  induce  apoptosis  in 
multiple  myeloma  cells  by  inducing  UPR 
and  preventing  prosurvival  UPR  compo¬ 
nents  such  as  BiP  and  XBP-1.28 
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Autophagy 

In  the  process  of  autophagy,  cytoplasmic 
contents  are  degraded  by  double/multi¬ 
membrane  vacuoles  or  autophagosomes, 
normally  resulting  in  the  removal  of  defec¬ 
tive  or  damaged  organelles,  e.g.,  mitochon¬ 
dria.  Autophagy  can  be  classified  into  three 
forms:  microautophagy,  chaperone-mediat¬ 
ed  autophagy  and  macroautophagy.29 
Autophagy  can  be  either  prodeath  and  act 
as  an  alternative  cell  death  pathway  to 
apoptosis,  or  prosurvival  when  extracellular 
nutrients  or  growth  factors  are  limited.30 
Prosurvival  outcomes  likely  reflect  an 
adequate  adjustment  to  stress,  with  energy/ 
nutrients  recovered  from  the  organelles 
"digested"  in  the  autophagosomes.  Pro¬ 
death  outcomes  may  arise  when  the  self¬ 
digestion  of  autophagy  leads  to  such  a  loss 
of  organelles  that  the  cell  can  no  longer  sur¬ 
vive.  In  cancer  cells,  autophagy  induction 
can  accelerate  cell  death3132  or  promote  cell 
survival,33'35  independently  or  in  response  to 
treatment  with  cytotoxic  agents. 

Morphologically,  autophagy  can  be  identi¬ 
fied  by  the  presence  of  autophagosomes, 
absence  of  marginated  nuclear  chromatin 
and/or  the  presence  of  cytoplasmic  vac¬ 
uoles  using  monodansylcadaverine.36'37  At 
the  molecular  level,  autophagy  can  also  be 
classified  by  assessing  the  cleavage  of  LC3, 
a  mammalian  homologue  of  yeast  Atg8, 
accumulation  of  GFP-LC3-labeled  autopha¬ 
gosomes,38'39  and  degradation  of  p62/ 
SQSTM1  by  autophagosomes.38'40  UPR  (ini¬ 
tiated  by  XBP-1  splicing  by  IREIoc)  activation 
can  induce  autophagy  through  JNK  activa¬ 
tion  and  elF2oc  phosphorylation.2  Other  key 
regulators  of  autophagy  are  now  known  to 
include  BCL-2  family  members41'43  and  their 
interacting  proteins  such  as  Beclin-1/ATG6 
(BECN1).44  BCL-2  antiapoptotic  proteins, 
which  are  regulated  by  XBP-l(S) 45  can  block 
autophagy  by  inhibiting  BECN1.46  Mono- 
allelic  loss  of  the  BECN1  locus  occurs  in  > 
40%  of  breast  cancers47  (and  in  MCF7  cells), 
and  thus,  modulating  the  XBP-1/BCL-2 
pathway  may  be  an  effective  mechanism  for 
regulating  autophagic  cell  death.  The  early 
events  in  autophagy  may  be  reversible, 
while  the  later  events  may  (or  appear  to) 
share  mechanisms  with  other  cell  death 
pathways.  A  switch  from  autophagy 


Table  I.  Genes  regulated  byX-box  binding  protein-1  (XBP-1)  in  breast  cancer  cells 


Symbol 

Gene  name 

Change 

Rvalue 

#  CREs 

APBBZ 

amyloid  beta  (A4)  precursor  protein-binding 

-1.3 

0.001 

1 

BCL2 

B-cell  CLL/lymphoma  2 

3.1 

0.029 

3 

CRK 

v-crk  sarcoma  virus  CT10  oncogene  homologue 

-2.0 

0.003 

2 

ESR1 

estrogen  receptor  alpha  (ERoc) 

2.8 

0.040 

0* 

IL24 

interleukin  24 

-9.7 

<0.001 

1 

MYC 

v-myc  myelocytomatosis  viral  oncogene  homologue 

1.6 

0.04 

1 

PHLDA2 

pleckstrin  homology-like  domain,  family  A,  member  2 

-3.3 

0.004 

2 

S100A6 

S100  calcium  binding  protein  A6  (calcyclin) 

2.3 

0.001 

1 

XRCC6 

X-ray  repair  complementing  defective  repair  6 

1.6 

0.016 

1 

*Several  ATF6  (activating  transcription  factor  6)  sites  that  may  be  regulated  by  ATF6:XBP1  het¬ 
erodimers.  CRE,  cAMP  response  elements. 

Modified  from  Gomez,  B.P.  et  al.  FASEB  J  2007,  21(14):  4013-27,  and  reproduced  with  permission. 


to  apoptosis  occurs,  for  example,  following 
upregulation  of  BID.42 

XBP-1  AND  CANCER  PROGRESSION 

XBP-1  is  ubiquitously  expressed  in  adult  tis¬ 
sue.  In  breast  tumors,  higher  XBP-1  mRNA  is 
expressed  in  estrogen  receptor  a  (ERoc)-posi- 
tive  breast  tumors  than  in  ERoc-negative 
breast  tumors48'52  and  serial  analysis  of  gene 
expression  (SAGE)  showed  XBP-1  to  be  highly 
expressed  in  cancerous  mammary  epithelial 
cells.53  Investigation  of  the  transcriptomes  of 
antiestrogen-responsive  (MCF7/LCC1)  and 
-resistant  variants  (MCF7/LCC9)  of  the  MCF7 
human  breast  cancer  cell  line  revealed  upreg¬ 
ulation  of  the  XBP-1  gene  in  MCF7/LCC9  cells 
compared  with  MCF7/LCC1  cells.54  While 
these  studies  may  not  differentiate  between 
XBP-I(U)  and  XBP-I(S)  or  the  sum  of  these 
signals,  XBP-1  isoforms  have  been  recently 
shown  to  be  differentially  associated  with  out¬ 
come  of  endocrine  therapy  for  breast  cancer 
patients.  Higher  levels  of  dominant-negative 
XBP-I(U)  favor  apoptosis  of  tumor  cells  and 
higher  levels  of  XBP-I(S)  increase  tumor  cell 
survival.55  We  have  shown  that  overexpression 
of  XBP-I(S)  in  ERoc-positive  breast  cancer  cells 
leads  to  estrogen-independent  growth  and 
reduced  sensitivity  to  growth  inhibition 
induced  by  the  antiestrogens.45  Table  I  shows 
genes  that  are  known  to  be  regulated  by  XBP- 
1  in  breast  cancer  cells.  Immunohistochemical 
staining  showed  increased  XBP-1  protein  in 
the  cytoplasm  of  cancer  cells  but  almost  none 


in  noncancerous  breast  tissue.56  Thus,  XBP-1 
may  promote  human  breast  carcinogenesis 
through  impairment  of  cell  differentiation 
regulation.57 

XBP-I(S)  and  XBP-I(U)  interact  with  the 
DNA-binding  domain  of  ERoc  and  the  ERoc- 
interacting  regions  on  XBP-I(S)  and  XBP- 
1(11)  have  been  mapped  to  two  regions:  the 
N-terminal  bZIP  and  the  C-terminal  activa¬ 
tion  domain.  Moreover,  XBP-I(S)  as  well  as 
XBP-I(U)  increase  ERoc-dependent  tran¬ 
scriptional  activity  in  a  ligand-independent 
manner16  by  regulation  of  large-scale  chro¬ 
matin  unfolding58  while  deletion  of  the  N- 
terminal  portion  of  XBP-I(S)  and  XBP-I(U) 
fully  abolishes  their  ability  to  regulate  ERoc 
transcriptional  activity. 

Hypoxia 

In  solid  tumors,  hypoxia  is  a  physiologically 
important  cause  of  EnR  stress.  Hypoxia  is 
associated  with  decreased  local  control, 
increased  distant  metastases  and  de¬ 
creased  overall  survival  in  a  variety  of 
human  tumors.59  Downregulation  of  XBP-1 
increases  the  sensitivity  of  transformed 
human  cells  to  killing  by  hypoxia  and 
severely  impedes  tumor  growth  without 
affecting  angiogenesis.60  Thus,  targeting 
XBP-1  can  be  used  as  a  therapeutic  strategy 
to  eliminate  hypoxic  cells  and  inhibit  tumor 
growth. 
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Drug  resistance 

In  breast  cancer,  overexpression  of  XBP-l(S) 
in  ER-positive  breast  cancer  cells  prevents 
antiestrogen-induced  cell-cycle  arrest  and 
cell  death  through  the  mitochondrial  apop- 
totic  pathway.  XBP-I(S)  also  confers  estro¬ 
gen-independence  and  antiestrogen  cross¬ 
resistance.45  XBP-1  is  rapidly  induced  in 
response  to  E2-stimulation6162  and  XBP-I(S) 
can  bind  to  and  activate  ERoc  in  a  ligand- 
independent  manner.16  These  activities  of 
XBP-1  are  closely  related  to  the  complex 
biological  consequences  of  initiating,  or  fail¬ 
ing  to  initiate,  an  appropriate  UPR. 

Cell  differentiation 

EnR  stress  can  cause  de-differentiation  of 
both  primary  and  immortalized  cells  and 
this  event  may  be  instrumental  in  the  sur¬ 
vival  and  recovery  function  of  the  UPR.63'64 
Cells  adapt  to  stress  by  downregulating 
genes,  which  are  involved  in  differentiation, 
at  the  levels  of  their  transcription  or  transla¬ 
tion.65'66  EnR  stress  may  induce  de-differen¬ 
tiation  in  those  cells  whose  phenotype  is 
associated  with  the  synthesis  of  numerous 
proteins  in  the  EnR.  In  thyroid  cells,  EnR 
induced  de-differentiation  is  also  associated 
with  an  epithelial-to-mesenchymal  transi¬ 
tion-like  phenotype,64  a  hallmark  for  cancer 
progression.  XBP-1  is  known  to  be  essential 
for  the  development  of  highly  secretory 
exocrine  cells  and  is  believed  to  be  invol¬ 
ved  in  UPR-dependent  EnR  expansion.67 
Although  the  function  of  XBP-1  in  mem¬ 
brane  biogenesis  in  cancer  cells  is  unknown, 
it  is  possible  that  XBP-Ts  ability  to  affect 
phospholipid  biosynthesis  may  be  part  of  an 
adaptive  response  in  cancer  cells  that 
enable  them  to  survive  EnR  stress. 

Viral  infection 

Several  viruses  are  known  to  initiate  UPR  in 
host  cells  following  infection.68'71  Among 
them  are  oncoviruses  such  as  the  human  T- 
lymphotropic  virus  type  1  (HTLV-1)  that  is  a 
causative  agent  of  adult  T-cell  leukemia/ 
lymphoma69  and  the  Epstein-Barr  virus 
(EBV)  that  is  associated  with  Burkitt's  lym¬ 
phoma,  breast  and  gastric  cancer.68'72  XBP- 
1(S)  can  activate  the  transcription  of  HTLV- 
I69  and  induce  the  switch  from  latent  to  lytic 
EBV  infection72  and  thus,  the  coordination 
between  viral  activation  and  cell  differentia¬ 
tion  enables  oncovirus-mediated  carcino¬ 
genesis. 


CONCLUSIONS 

Under  normal  conditions,  the  EnR  provides 
a  unique  location  that  assists  in  proper  pro¬ 
tein  folding  and  assures  that  only  correctly 
folded  proteins  advance  in  the  secretory 
pathway.  However,  when  a  cell  is  deprived  of 
nutrients  or  oxygen,  such  as  the  microenvi¬ 
ronments  deep  inside  a  tumor,  accumula¬ 
tion  of  proteins  can  occur  in  the  EnR  that 
can  trigger  UPR.73  Although  the  UPR  is  a 
well-conserved  adaptive  mechanism  that 
ensures  proper  protein  folding  or  apoptosis, 
this  process  can  also  promote  cell  survival. 
UPR  activation  of  ERAD  may  support  the 
“reusing"  of  materials  recovered  from  the 
degradation  of  misfolded  proteins,  which 
could  also  allow  cells  to  survive  when  extra¬ 
cellular  nutrient  sources  are  limited.  XBP-1 
is  a  key  gene  that  is  induced  by  the  UPR. 
XBP-I(S)  can  activate  a  variety  of  genes 
involved  in  protein  maturation,  degradation 
or  EnR  expansion  that  enables  the  cells  to 
efficiently  produce  and  secrete  proteins. 
XBP-1  has  also  been  linked  to  tumor  cell 
responses  to  hypoxia,  drug  therapy,  cellular 
differentiation  and  oncovirus  infections. 
Thus,  pharmacological  inhibitors  of  the 
XBP-1-mediated  UPR  pathway  could  be 
important  anticancer  therapeutic  tools. 

ACKNOWLEDGEMENTS 

This  work  was  supported  in  part  by  a 
Department  of  Defense  award  W81XWH- 
08-1-0319  (RC)  from  the  United  States  Army 
Medical  Research  and  Materiel  Command, 
and  a  Susan  G.  Komen  for  the  Cure 
Fellowship  award  PDF060  0477  (ANS). 

REFERENCES 

1.  Brown,  J.M.  and  Giaccia,  A.J.  The  unique 
physiology  of  solid  tumors:  opportunities  (and 
problems)  for  cancer  therapy.  Cancer  Res 
1998,  58(7):  1408-16. 

2.  Ogata,  M.,  Hino,  S.,  Saito,  A.  et  al.  Autophagy 
is  activated  for  cell  survival  after  endoplasmic 
reticulum  stress.  Mol  Cell  Biol  2006,  26(24): 
9220-31. 

3.  Feldman,  D.E.,  Chauhan,  V.  and  Koong,  A.C. 
The  unfolded  protein  response:  a  novel  compo¬ 
nent  of  the  hypoxic  stress  response  in  tumors. 
Mol  Cancer  Res  2005,  3(11):  597-605. 

4.  Kaufman,  R.J.,  Scheuner,  D.,  Schroder,  M., 
Shen,  X.,  Lee,  K.,  Liu,  C.Y.  and  Arnold,  S.M. 
The  unfolded  protein  response  in  nutrient  sens¬ 
ing  and  differentiation.  Nat  Rev  Mol  Cell  Biol 
2002,  3(6):  411-21. 


5.  DuRose,  J.B.,  Tam,  A.B.  and  Niwa,  M.  Intrinsic 
capacities  of  molecular  sensors  of  the  unfolded 
protein  response  to  sense  alternate  forms  of 
endoplasmic  reticulum  stress.  Mol  Biol  Cell 
2006, 17(7):  3095-107. 

6.  Yoshida,  H.,  Matsui,  T.,  Yamamoto,  A.,  Okada, 
T.  and  Mori,  K.  XBP1  mRNA  is  induced  byATF6 
and  spliced  by  IRE1  in  response  to  ER  stress  to 
produce  a  highly  active  transcription  factor. 
Cell  2001, 107(7):  881-91. 

7.  Harding,  H.P.,  Calfon,  M.,  Urano,  F.,  Novoa,  I. 
and  Ron,  D.  Transcriptional  and  translational 
control  in  the  Mammalian  unfolded  protein 
response.  Annu  Rev  Cell  Dev  Biol  2002,  18: 
575-99. 

8.  Ma,  Y.  and  Hendershot,  L.M.  The  unfolding 
tale  of  the  unfolded  protein  response.  Cell 
2001, 107(7):  827-30. 

9.  Calfon,  M.,  Zeng,  H.,  Urano,  F.  et  al.  IRE1  cou¬ 
ples  endoplasmic  reticulum  load  to  secretory 
capacity  by  processing  the  XBP-1  mRNA. 
Nature  2002,  415(6867):  92-6. 

10.  Lee,  K.,  Tirasophon,  W.,  Shen,  X.  et  al.  IRE1- 
mediated  unconventional  mRNA  splicing  and 
S2P-mediated  ATF6  cleavage  merge  to  regu¬ 
late  XBP1  in  signaling  the  unfolded  protein 
response.  Genes  Dev  2002, 16(4):  452-66. 

11.  Clauss,  I.M.,  Gravallese,  E.M.,  Darling,  J.M., 
Shapiro,  F.,  Glimcher,  M.J.  and  Glimcher,  L.H. 
In  situ  hybridization  studies  suggest  a  role  for 
the  basic  region-leucine  zipper  protein  hXBP-1 
in  exocrine  gland  and  skeletal  development 
during  mouse  embryogenesis.  Dev  Dyn  1993, 
197(2):  146-56. 

12.  Liou,  H.C.,  Boothby,  M.R.,  Finn,  P.W.  et  al.  A 
new  member  of  the  leucine  zipper  class  of  pro¬ 
teins  that  binds  to  the  HLA  DR  alpha  promot¬ 
er.  Science  1990,  247(4950):  1581-4. 

13.  Lee,  A.H.,  Iwakoshi,  N.N.  and  Glimcher,  L.H. 
XBP-1  regulates  a  subset  of  endoplasmic  retic¬ 
ulum  resident  chaperone  genes  in  the  unfolded 
protein  response.  Mol  Cell  Biol  2003,  23(21): 
7448-59. 

14.  Sriburi,  R.,  Jackowski,  S.,  Mori,  K.  and  Brewer, 
J.W.  XBP1:  A  link  between  the  unfolded  protein 
response,  lipid  biosynthesis,  and  biogenesis  of 
the  endoplasmic  reticulum.  J  Cell  Biol  2004, 
167(1):  35-41. 

15.  Yoshida,  H.  Unconventional  splicing  of  XBP-1 
mRNA  in  the  unfolded  protein  response. 
Antioxid  Redox  Signal,  2007,  9(12):  2323-33. 

16.  Ding,  L.,  Yan,  J.,  Zhu,  J.  et  al.  Ligand-inde¬ 
pendent  activation  of  estrogen  receptor  alpha 
by  XBP-1.  Nucleic  Acids  Res  2003,  31(18): 
5266-74. 

17.  Lacroix,  M.  and  Leclercq,  G.  About  GATA3, 
HNF3A,  and  XBP1,  three  genes  co-expressed 
with  the  oestrogen  receptor-alpha  gene  (ESR1) 
in  breast  cancer.  Mol  Cell  Endocrinol  2004, 
219(1-2):  1-7. 


244 


A.N.  Shajahan  et  al.  pp.  241-246 


Drug  News  Perspect  22(5),  June  2009 


LOOKING  AHEAD 


18.  Lee,  A.H.,  Iwakoshi,  N.N.,  Anderson,  K.C.  and 
Glimcher,  L.H.  Proteosome  inhibitors  disrupt 
the  unfolded  protein  response  in  myelomo 
cells.  Proc  Natl  Acad  Sci  U  S  A  2003, 100(17): 
9946-51. 

19.  Shuda,  M.,  Kondoh,  N.,  Imazeki,  N.  et  al. 
Activation  of  the  ATF6 ',  XBP1  and  grp78  genes 
in  human  hepatocellular  carcinoma:  a  possible 
involvement  of  the  ER  stress  pathway  in  hepa- 
tocarcinogenesis.  J  Hepatol  2003,  38(5):  605- 
14. 

20.  Kim,  R.,  Emi,  M.,  Tanabe,  K.  and  Murakami,  S. 
Role  of  the  unfolded  protein  response  in  cell 
death.  Apoptosis  2006, 11(1):  5-13. 

21.  McCullough,  K.D.,  Martindale,  J.L.,  Klotz, 
L.O.,  Aw,  T.Y.  and  Holbrook,  N.J.  Gadd153  sen¬ 
sitizes  cells  to  endoplasmic  reticulum  stress  by 
down-regulating  Bel 2  and  perturbing  the  cel¬ 
lular  redox  state.  Mol  Cell  Biol  2001,  21(4): 
1249-59. 

22.  Nozaki,  S.,  Sledge,  G.W.  Jr.  and  Nakshatri,  H. 
Repression  ofGADD153/CHOP  by  NF-kappaB: 
A  possible  cellular  defense  against  endoplas¬ 
mic  reticulum  stress-induced  cell  death. 
Oncogene  2001,  20(17):  2178-85. 

23.  Riggins,  R.B.,  Bouton,  A.H.,  Liu,  M.C.  and 
Clarke.  R.  Antiestrogens ;  aromatase  inhibitors , 
and  apoptosis  in  breast  cancer.  In:  Vitamins 
and  Hormones,  Vol.  71.  Litwack,  G.  (Ed.) 
Elsevier  Academic  Press:  London  2005,  71: 
201-37. 

24.  Zhivotovsky,  B.  and  Kroemer,  G.  Apoptosis 
and  genomic  instability.  Nat  Rev  Mol  Cell  Biol 
2004,  5(9):  752-62. 

25.  Goldstein,  J.C.,  Waterhouse,  N.J.,  Juin,  P, 
Evan,  G.l.  and  Green,  D.R.  The  coordinate 
release  of  cytochrome  c  during  apoptosis  is 
rapid,  complete  and  kinetically  invariant.  Nat 
Cell  Biol  2000,  2(3):  156-62. 

26.  Brown,  J.M.  and  Attardi,  L.D.  The  role  of  apop¬ 
tosis  in  cancer  development  and  treatment 
response.  Nat  Rev  Cancer  2005,  5(3):  231-7. 

27.  Park,  J.W.,  Woo,  K.J.,  Lee,  J.T.  et  al.  Resveratrol 
induces  pro-apoptotic  endoplasmic  reticulum 
stress  in  human  colon  cancer  cells.  Oncol  Rep 
2007, 18(5):  1269-73. 

28.  Gu,  H.,  Chen,  X.,  Gao,  G.  and  Dong,  H. 
Gaspase-2  functions  upstream  of  mitochon¬ 
dria  in  endoplasmic  reticulum  stress-induced 
apoptosis  by  bortezomib  in  human  myeloma 
cells.  Mol  Cancer  Ther  2008,  7(8):  2298-307. 

29.  Klionsky,  D.J.  and  Emr,  S.D.  Autophagy  as  a 
regulated  pathway  of  cellular  degradation. 
Science  2000,  290(5497):  1717-21. 

30.  Jin,  S.  Autophagy,  mitochondrial  quality  con¬ 
trol,  and  oncogenesis.  Autophagy  2006,  2(2): 
80-4. 

31.  Park,  M.A.,  Yacoub,  A.,  Sarkar,  D.  et  al.  PERK- 
dependent  regulation  of  MDA-7/IL-24-induced 


autophagy  in  primary  human  glioma  cells. 
Autophagy  2008,  4(4):  513-5. 

32.  Yan,  C.H.,  Yang,  Y.P,  Qin,  Z.H.,  Gu,  Z.L.,  Reid, 
P.  and  Liang,  Z.Q.  Autophagy  is  involved  in 
cytotoxic  effects  of  crotoxin  in  human  breast 
cancer  cell  line  MGF-7  cells.  Acta  Pharmacol 
Sin  2007,  28(4):  540-8. 

33.  Apel,  A.,  Herr,  I.,  Schwarz,  H.,  Rodemann,  H.P 
and  Mayer,  A.  Blocked  autophagy  sensitizes 
resistant  carcinoma  cells  to  radiation  therapy. 
Cancer  Res  2008,  68(5):  1485-94. 

34.  Boya,  P,  Gonzalez-Polo,  R.A.,  Casares,  N. 
et  al.  Inhibition  of  macroautophagy  triggers 
apoptosis.  Mol  Cell  Biol  2005,  25(3):  1025- 
40. 

35.  Li,  M.,  Jiang,  X.,  Liu,  D.,  Na,  Y.,  Gao,  G.F.  and 
Xi,  Z.  Autophagy  protects  LNGaP  cells  under 
androgen  deprivation  conditions.  Autophagy 
2008,  4(1):  54-60. 

36.  Broker,  L.E.,  Kruyt,  F.A.  and  Giaccone,  G.  Gell 
death  independent  of  caspases:  a  review.  Clin 
Cancer  Res  2005, 11(9):  3155-62. 

37.  Edinger,  A.L.  and  Thompson,  C.B.  Death  by 
design:  apoptosis,  necrosis  and  autophagy. 
Curr  Opin  Cell  Biol  2004, 16(6):  663-9. 

38.  Klionsky,  D.J.,  Abeliovich,  H.,  Agostinis,  P. 
et  al.  Guidelines  for  the  use  and  interpretation 
of  assays  for  monitoring  autophagy  in  higher 
eukaryotes.  Autophagy  2008,  4(2):  151-75. 

39.  Mizushima,  N.  and  Yoshimori,  T.  How  to  inter¬ 
pret  LG3  immunoblotting.  Autophagy  2007, 
3(6):  542-5. 

40.  Pankiv,  S.,  Clausen,  T.H.,  Lamark,  T.  et  al. 
p62/SQSTMl  binds  directly  to  Atg8/LG3  to 
facilitate  degradation  of  ubiquitinated  protein 
aggregates  by  autophagy.  J  Biol  Chem  2007, 
282(33):  24131-45. 

41.  Akar,  U.,  Chaves-Reyez,  A.,  Barria,  M.  et  al. 
Silencing  of  Bel -2  expression  by  small  interfer¬ 
ing  RNA  induces  autophagic  cell  death  in 
MGF-7  breast  cancer  cells.  Autophagy  2008, 
4(5):  669-79. 

42.  Lamparska-Przybysz,  M.,  Gajkowska,  B.  and 
Motyl,  T.  BID-deficient  breast  cancer  MGF-7 
cells  as  a  model  for  the  study  of  autophagy  in 
cancer  therapy.  Autophagy  2006,  2(1):  47-8. 

43.  Shimizu,  S.,  Kanaseki,  T.,  Mizushima,  N., 
Mizuta,  T.,  Arakawa-Kobayashi,  S.,  Thomp¬ 
son,  C.B.  and  Tsujimoto,  Y.  Role  of  Bcl-2  fami¬ 
ly  proteins  in  a  non-apoptotic  programmed  cell 
death  dependent  on  autophagy  genes.  Nat 
Cell  Biol  2004,  6(12):  1221-8. 

44.  Furuya,  N.,  Yu,  J.,  Byfield,  M.,  Pattingre,  S. 
and  Levine,  B.  The  evolutionarily  conserved 
domain  of  Beclin  1  is  required  for  Vps34  bind¬ 
ing,  autophagy  and  tumor  suppressor  func¬ 
tion.  Autophagy  2005, 1(1):  46-52. 

45.  Gomez,  B.P.,  Riggins,  R.B.,  Shajahan,  A.N. 
et  al.  Human  X-box  binding  protein-1  confers 


both  estrogen  independence  and  antiestrogen 
resistance  in  breast  cancer  cell  lines.  FASEB  J 
2007,  21(14):  4013-27. 

46.  Pattingre,  S.,  Tassa,  A.,  Qu,  X.  et  al.  Bcl-2  anti- 
apoptotic  proteins  inhibit  Beclin  1-dependent 
autophagy.  Cell  2005, 122(6):  927-39. 

47.  Liang,  X.H.,  Jackson,  S.,  Seaman,  M.,  Brown, 
K.,  Kempkes,  B.,  Hibshoosh,  H.  and  Levine,  B. 
Induction  of  autophagy  and  inhibition  of 
tumorigenesis  by  beclin  1.  Nature  1999, 
402(6762):  672-6. 

48.  Bertucci,  F.,  Houlgatte,  R.,  Benziane,  A.  et  al. 
Gene  expression  profiling  of  primary  breast 
carcinomas  using  arrays  of  candidate  genes. 
Hum  Mol  Genet  2000,  9(20):  2981-91. 

49.  Iwao,  K.,  Matoba,  R.,  Ueno,  N.  et  al.  Molecular 
classification  of  primary  breast  tumors  pos¬ 
sessing  distinct  prognostic  properties.  Hum 
Mol  Genet  2002, 11(2):  199-206. 

50.  Perou,  C.M.,  Sorlie,  T.,  Eisen,  M.B.  et  al. 
Molecular  portraits  of  human  breast  tumours. 
Nature  20  00,  406(6797):  747-52. 

51.  van't  Veer,  L.I.,  Dai,  H.,  van  de  Vijver,  M.J.  et  al. 
Gene  expression  profiling  predicts  clinical  out¬ 
come  of  breast  cancer.  Nature  2002, 
415(6871):  530-6. 

52.  West,  M.,  Blanchette,  C.,  Dressman,  H.  et  al. 
Predicting  the  clinical  status  of  human  breast 
cancer  by  using  gene  expression  profiles.  Proc 
Natl  Acad  Sci  U  S  A  2001,  98(20):  11462-7. 

53.  Porter,  D.A.,  Krop,  I.E.,  Nasser,  S.  et  al.  A 
SAGE  (serial  analysis  of  gene  expression)  view 
of  breast  tumor  progression.  Cancer  Res  2001, 
61(15):  5697-702. 

54.  Gu,  Z.,  Lee,  R.Y.,  Skaar,  T.C.  et  al.  Association 
of  interferon  regulatory  factor-1,  nucleophos- 
min,  nuclear  factor-kappaB,  and  cyclic  AMP 
response  element  binding  with  acquired  resist¬ 
ance  to  Faslodex  (IGI  182,780).  Cancer  Res 
2002,  62(12):  3428-37. 

55.  Davies,  M.P,  Barraclough,  D.L.,  Stewart,  C. 
et  al.  Expression  and  splicing  of  the  unfolded 
protein  response  gene  XBP-1  are  significantly 
associated  with  clinical  outcome  of  endocrine- 
treated  breast  cancer.  Int  J  Cancer  2008, 
123(1):  85-8. 

56.  Zhu,  Y.,  Singh,  B.,  Hewitt,  S.,  Liu,  A.,  Gomez, 
B.,  Wang,  A.  and  Clarke,  R.  Expression  pat¬ 
terns  among  interferon  regulatory  factor-1, 
human  X-box  binding  protein-1,  nuclear  factor 
kappa  B,  nucleophosmin,  estrogen  receptor- 
alpha  and  progesterone  receptor  proteins  in 
breast  cancer  tissue  microarrays.  Int  J  Oncol 
2006,  28(1):  67-76. 

57.  Fujimoto,  T.,  Onda,  M.,  Nagai,  H.,  Nagahata, 
T.,  Ogawa,  K.  and  Emi,  M.  Upregulation  and 
overexpression  of  human  X-box  binding  pro¬ 
tein  1  (hXBP-1)  gene  in  primary  breast  cancers. 
Breast  Cancer  2003, 10(4):  301-6. 


A.N.  Shajahan  et  al.  pp.  241-246 


245 


LOOKING  AHEAD 


Drug  News  Perspect  22(5),  June  2009 


58.  Fang,  Y.,  Yan,  J.,  Ding,  L.  et  al.  XBP-1  increases 
ERalpha  transcriptional  activity  through  regu¬ 
lation  of  large-scale  chromatin  unfolding. 
Biochem  Biophys  Res  Commun  2004,  323(1): 
269-74. 

59.  Vaupel,  P.,  KelLeher,  D.K.  and  Hockel,  M. 
Oxygen  status  of  malignant  tumors:  Patho¬ 
genesis  of  hypoxia  and  significance  for  tumor 
therapy.  Semin  Oncol  2001,  28(2  Suppl.  8): 
29-35. 

60.  Romero-Ramirez,  L.,  Cao,  H.,  Nelson,  D.  et  al. 
XBP1  is  essential  for  survival  under  hypoxic 
conditions  and  is  required  for  tumor  growth. 
Cancer  Res  2004,  64(17):  5943-47. 

61.  Tozlu,  S.,  Girault,  I.,  Vacher,  S.  et  al, 
Identification  of  novel  genes  that  co-cluster 
with  estrogen  receptor  alpha  in  breast  tumor 
biopsy  specimens ;  using  a  large-scale  real¬ 
time  reverse  transcription-PCR  approach. 
Endocr  Relat  Cancer  2006, 13(4):  1109-20. 

62.  Wang,  D.Y.,  Fulthorpe,  R.,  Liss,  S.N.  and 
Edwards,  E.A.  Identification  of  estrogen- 
responsive  genes  by  complementary  deoxyri¬ 
bonucleic  acid  microarray  and  characterization 
of  a  novel  early  estrogen-induced  gene:  EEIG1. 
Mol  Endocrinol  2004, 18(2):  402-11. 

63.  Yang,  L.,  Carlson,  S.G.,  McBurney,  D.  and 
Florton,  W.E.  Jr.  Multiple  signals  induce  endo¬ 
plasmic  reticulum  stress  in  both  primary  and 
immortalized  chondrocytes  resulting  in  loss  of 
differentiation ,  impaired  cell  growth ,  and 


apoptosis.  J  Biol  Chem  2005,  280(35):  31156- 
65. 

64.  Ulianich,  L.,  Garbi,  C.,  Treglia,  A.S.  et  al.  ER 
stress  is  associated  with  dedifferentiation  and 
an  epithelial-to-mesenchymal  transition-like 
phenotype  in  PC  CI3  thyroid  cells.  J  Cell  Sci 
2008, 121(Pt.  4):  477-86. 

65.  Pirot,  P.,  Naamane,  N.,  Libert,  F.  et  al.  Global 
profiling  of  genes  modified  by  endoplasmic 
reticulum  stress  in  pancreatic  beta  cells  reveals 
the  early  degradation  of  insulin  mRNAs. 
Diabetologia  2007,  50(5):  1006-14. 

66.  Tsang,  K.Y.,  Chan,  D.,  Cheslett,  D.  et  al. 
Surviving  endoplasmic  reticulum  stress  is  cou¬ 
pled  to  altered  chondrocyte  differentiation  and 
function.  PLoS  Biol  2007,  5(3):  e44. 

67.  Lee,  A.H.,  Chu,  G.C.,  Iwakoshi,  N.N.,  Glimcher, 
L.H.  XBP-1  is  required  for  biogenesis  of  cellular 
secretory  machinery  of  exocrine  glands.  EM  BO 
J  2005,  24(24):  4368-80. 

68.  Sun,  C.C.  and  Thorley-Lawson,  D.A.  Plasma 
cell-specific  transcription  factor  XBP-ls  binds 
to  and  transactivates  the  Epstein-Barr  virus 
BZLF1  promoter.  J  Virol  2007,  81(24):  13566- 
77. 

69.  Ku,  S.C.,  Lee,  J.,  Lau,  J.  et  al.  XBP-1,  a  novel 
human  T-lymphotropic  virus  type  1  (HTLV-1)  tax 
binding  protein,  activates  EITLV-1  basal  and 
tax-activated  transcription.  J  Virol  2008, 
82(9):  4343-53. 


70.  Umareddy,  I.,  Pluquet,  0.,  Wang,  Q.Y.,  Vasu- 
devan,  S.G.,  Chevet,  E.  and  Gu,  F.  Dengue 
virus  serotype  infection  specifies  the  activation 
of  the  unfolded  protein  response.  Virol  J  2007, 
4:  91. 

71.  Tiros,  B.,  Iwakoshi,  N.N.,  Lilley,  B.N.,  Lee,  A.H., 
Glimcher,  L.H.  and  Ploegh,  H.L.  Human 
cytomegalovirus  protein  US11  provokes  an 
unfolded  protein  response  that  may  facilitate 
the  degradation  of  class  I  major  histocompati¬ 
bility  complex  products.  J  Virol  2005,  79(5): 
2768-79. 

72.  Bhende,  P.M.,  Dickerson,  S.J.,  Sun,  X.,  Feng, 
W.H.  and  Kenney,  S.C.  X-box-binding  protein  1 
activates  lytic  Epstein-Barr  virus  gene  expres¬ 
sion  in  combination  with  protein  kinase  D.  J 
Virol  2007,  81(14):  7363-70. 

73.  Koong,  A.C.,  Chauhan,  V.  and  Romero- 
Ramirez,  L.  Targeting  XBP-1  as  a  novel  anti¬ 
cancer  strategy.  Cancer  Biol  Ther  2006,  5(7): 
756-9. 


Ayesha  N.  Shajahan,  Rebecca  B.  Riggins  and  Robert 
Clarke*  work  in  the  Department  of  Oncology  at  Lombardi 
Comprehensive  Cancer  Center,  Georgetown  University, 
Washington,  D.C.,  U.S.A.  *Correspondence:  Robert 
Clarke,  Ph.D.,  D.Sc.,  Department  of  Oncology,  Lombardi 
Comprehensive  Cancer  Center,  Georgetown  University, 
School  of  Medicine,  3970  Reservoir  Road,  N.W.,  NRB 
W405,  Washington,  D.C.  20057,  U.S.A.  Tel.:  +1  202  687 
7237;  Fax:  +1  202  687  7505;  E-mail:  clarker@ 

georgetown.edu. 


246 


A.N.  Shajahan  et  al.  pp.  241-246 


Journal  of  Steroid  Biochemistry  &  Molecular  Biology  114  (2009)  8-20 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Steroid  Biochemistry  and  Molecular  Biology 

journal  homepage:  www.elsevier.com/locate/jsbmb 


Gene  network  signaling  in  hormone  responsiveness  modifies  apoptosis  and 
autophagy  in  breast  cancer  cells^ 

Robert  Clarl<ea  b *  *,  Ayesha  N.  Shajahan3,  Rebecca  B.  Riggins3,  Younsook  Cho3,  Anatasha  Crawford3, 
Jianhua  Xuanc,  Yue  Wangc,  Alan  Zwart3,  Ruchi  Nehra3,  Minetta  C.  Liu3 

a  Department  of  Oncology  and  Lombardi  Comprehensive  Cancer  Center,  Georgetown  University  School  of  Medicine,  Washington,  DC,  USA 
b  Department  of  Physiology  S’  Biophysics,  Georgetown  University  School  of  Medicine,  Washington,  DC,  USA 
c  Department  of  Electrical  and  Computer  Engineering,  Virginia  Polytechnic  Institute  and  State  University,  Arlington,  VA,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  25  November  2008 
Accepted  31  December  2008 


Keywords: 

Antiestrogen 

Autophagy 

Apoptosis 

Breast  cancer 

Cell  signaling 

Endoplasmic  reticulum 

Estrogens 

Gene  networks 

Unfolded  protein  response 


Resistance  to  endocrine  therapies,  whether  de  novo  or  acquired,  remains  a  major  limitation  in  the  abil¬ 
ity  to  cure  many  tumors  that  express  detectable  levels  of  the  estrogen  receptor  alpha  protein  (ER). 
While  several  resistance  phenotypes  have  been  described,  endocrine  unresponsiveness  in  the  context  of 
therapy-induced  tumor  growth  appears  to  be  the  most  prevalent.  The  signaling  that  regulates  endocrine 
resistant  phenotypes  is  poorly  understood  but  it  involves  a  complex  signaling  network  with  a  topology 
that  includes  redundant  and  degenerative  features.  To  be  relevant  to  clinical  outcomes,  the  most  pertinent 
features  of  this  network  are  those  that  ultimately  affect  the  endocrine-regulated  components  of  the  cell 
fate  and  cell  proliferation  machineries.  We  show  that  autophagy,  as  supported  by  the  endocrine  regulation 
of  monodansylcadaverine  staining,  increased  LC3  cleavage,  and  reduced  expression  of  p62/SQSTMl,  plays 
an  important  role  in  breast  cancer  cells  responding  to  endocrine  therapy.  We  further  show  that  the  cell 
fate  machinery  includes  both  apoptotic  and  autophagic  functions  that  are  potentially  regulated  through 
integrated  signaling  that  flows  through  key  members  of  the  BCL2  gene  family  and  beclin-1  (BECN1 ).  This 
signaling  links  cellular  functions  in  mitochondria  and  endoplasmic  reticulum,  the  latter  as  a  consequence 
of  induction  of  the  unfolded  protein  response.  We  have  taken  a  seed-gene  approach  to  begin  extracting 
critical  nodes  and  edges  that  represent  central  signaling  events  in  the  endocrine  regulation  of  apoptosis 
and  autophagy.  Three  seed  nodes  were  identified  from  global  gene  or  protein  expression  analyses  and  sup¬ 
ported  by  subsequent  functional  studies  that  established  their  abilities  to  affect  cell  fate.  The  seed  nodes  of 
nuclear  factor  kappa  B  (NFkB),  interferon  regulatory  factor-1  (IRF1 ),  and  X-box  binding  protein-1  (XBP1 ) 
are  linked  by  directional  edges  that  support  signal  flow  through  a  preliminary  network  that  is  grown 
to  include  key  regulators  of  their  individual  function:  NEMO/IKK7,  nucleophosmin  and  ER  respectively. 
Signaling  proceeds  through  BCL2  gene  family  members  and  BECN1  ultimately  to  regulate  cell  fate. 

©  2009  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Over  40,000  American  women  die  of  breast  cancer  each  year  [  1  ] ; 
incidence  is  broadly  similar  across  the  European  Union  when  con¬ 
sidered  as  a  percentage  of  the  population.  In  2008,  over  178,000 
women  will  be  diagnosed  with  invasive  breast  cancer  in  the 
U.S.,  almost  70%  of  which  will  be  estrogen  receptor-a  positive 
(ER+;  HUGO  Gene  Symbol  =  ESR1)  [2,3].  The  percentage  of  ER+ 
sporadic  breast  cancers  increases  linearly  with  age  but  even  in  pre¬ 
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menopausal  cases  the  proportion  is  high;  62%  at  age  <35  and  72% 
by  age  49  [2-4].  Data  from  randomized  trials  and  meta-analyses 
clearly  show  that  all  breast  cancer  patients  derive  a  statistically 
significant  survival  benefit  from  adjuvant  chemotherapy,  and  that 
all  hormone  receptor  positive  breast  cancer  patients  benefit  from 
adjuvant  endocrine  therapy  [5-9].  For  postmenopausal  women,  the 
benefit  from  adjuvant  Tamoxifen  (TAM)  is  comparable  to  that  seen 
for  cytotoxic  chemotherapy.  While  5  years  of  adjuvant  TAM  pro¬ 
duces  a  26%  proportional  reduction  in  mortality  [8],  many  ER+ 
tumors  eventually  recur  [10].  Since  advanced  ER+  breast  cancer 
largely  remains  an  incurable  disease,  resistance  to  endocrine  ther¬ 
apies  is  a  significant  clinical  problem. 

Endocrine  therapy  is  administered  as  an  antiestrogen  (AE)  like 
Tamoxifen  (TAM)  or  Fulvestrant  (FAS;  Faslodex;  ICI  182,780),  or  as 
an  aromatase  inhibitor  (AI)  such  as  Letrozole  or  Exemestane.  It  is 
less  toxic  and  potentially  more  effective  therapy  in  the  management 
of  hormone-dependent  breast  cancers.  Antiestrogens,  and  TAM  in 
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particular,  have  been  the  “gold  standard”  first  line  endocrine  ther¬ 
apy  for  over  30  years  [11  ],  clinical  experience  with  this  drug  likely 
exceeding  over  15  million  patient  years  [10].  TAM  increases  both 
disease  free  and  overall  survival  from  early  stage  breast  cancer,  and 
it  also  reduces  the  incidence  of  invasive  and  noninvasive  breast  can¬ 
cer  in  high-risk  women  [8,9].  Raloxifene,  another  antiestrogen,  is 
effective  in  reducing  the  rate  of  postmenopausal  bone  loss  from 
osteoporosis  as  well  as  the  rate  of  invasive  breast  cancer  [12].  Newer 
antiestrogens  such  as  FAS  show  significant  activity  relative  to  TAM 
and  some  AIs  [13,14].  Third  generation  AIs  are  now  widely  accepted 
as  viable  alternatives  to  AEs  for  first  line  endocrine  therapy  in  post¬ 
menopausal  women  with  metastatic  disease;  overall  response  rates 
are  generally  greater  for  AIs  [15].  Importantly,  Tamoxifen  is  the  only 
single  agent  with  demonstrated  efficacy  in  both  premenopausal 
and  postmenopausal  women  with  invasive  breast  cancer.  Other  AEs 
and  all  of  the  AIs  require  the  complete  cessation  of  ovarian  function. 

Of  current  interest  is  identification  of  the  optimum  choice  and 
scheduling  of  AEs  and  AIs.  Evidence  clearly  shows  improvements 
in  disease  free  survival  for  combined  adjuvant  therapy  (an  AI  and 
an  AE  usually  given  sequentially)  over  single  agent  TAM  [16-20]. 
Elowever,  the  ability  of  AIs  to  induce  a  significant  improvement  in 
overall  survival  compared  with  5  years  of  TAM  alone  is  uncertain 
[15].  In  terms  of  metastatic  disease,  recent  data  imply  that  response 
rates  with  an  AI  are  either  equivalent  with  or  higher  than  with 
TAM  [21,22].  Given  the  increasing  number  of  endocrine  treatment 
options,  there  is  a  clear  need  to  optimize  the  selection  and  schedul¬ 
ing  of  agents  for  both  early  stage  and  advanced  disease.  Whichever 
way  these  controversies  are  eventually  resolved,  it  is  clear  that  both 
AIs  and  AEs  will  remain  as  key  modalities  in  the  management  of  ER+ 
breast  cancers.  Unfortunately,  the  inability  of  endocrine  therapies 
to  cure  many  women  with  ER+  disease  will  also  remain. 

1.1.  Endocrine  resistance:  receptor  phenotypes 

Several  resistance  phenotypes  are  evident  from  both  experi¬ 
mental  models  and  clinical  observations.  The  two  primary  receptor 
phenotypes  are  ER+  and  ER-.  These  receptor-based  phenotypes 
have  been  further  stratified  by  addition  of  the  estrogen-regulated 
receptor  for  progesterone  (PGR;  EIUGO  Gene  Symbol  =  PGR).  The 
degree  of  treatment  benefit  from  endocrine  therapy  varies  accord¬ 
ing  to  receptor  phenotype.  For  example,  approximately  75%  of 
ER+/PGR+,  33%  of  ER+/PGR-,  and  45%  of  ER-/PGR+  cases  of 
metastatic  breast  cancer  respond  to  TAM  [10].  Endocrine  responses 
in  truly  ER-  tumors  are  probably  relatively  rare  and  of  uncertain 
relevance,  as  they  most  likely  reflect  incorrect  assessments  of  what 
may  be  very  low  ER  and/or  PGR  expression  values.  Data  from  the 
Early  Breast  Cancer  Trialists’  Collaborative  Group  meta-analyses 
show  that  TAM  therapy  generates  a  non-significant  6%  reduction  in 
the  10-year  risk  of  recurrence.  A  non-significant  increase  in  the  risk 
of  death  from  any  cause  in  patients  with  ER-  breast  cancer  also  was 
reported  [8,9].  The  real  value  of  PGR,  which  is  the  only  modification 
to  this  clinical  prediction  scheme  for  directing  endocrine  therapy  to 
become  routine  in  over  30  years  (the  value  of  directing  endocrine 
therapy  based  on  HER2  is  still  controversial),  is  largely  limited  to 
ER-  tumors.  It  is  general  practice  in  the  United  States  to  treat  all  ER+ 
and/or  PR+  invasive  breast  tumors  with  endocrine  therapy.  How¬ 
ever,  it  remains  impossible  to  predict  whether  an  individual  patient 
will  receive  benefit  from  treatment  and  the  magnitude  or  dura¬ 
tion  of  any  benefit.  Better  predictors  of  each  individual  patient’s 
endocrine  responsiveness  are  clearly  needed. 

1.2.  Endocrine  resistance:  pharmacological  phenotypes 

Several  pharmacological  phenotypes  have  been  identified  in 
experimental  models  of  either  human  breast  cancer  cells  growing 
in  vitro  or  of  xenografts  in  immune-deficient  rodents  [10].  These 


phenotypes  include  (i)  estrogen-independent  (which  appears 
equivalent  to  AI  resistance  but  is  not  so  for  antiestrogen  resistance 

[23] — some  breast  cancers  can  become  resistant  to  an  AE  but  still 
respond  to  an  AI  and  vice  versa)]  (ii)  estrogen-inhibited  (recently 
identified  in  MCF-7  models  [24]);  (iii)  TAM-stimulated  (identi¬ 
fied  first  in  MCF-7  xenografts  [25,26]);  TAM-unresponsive  but  FAS 
sensitive  [27]  (identified  first  in  MCF-7  models  and  subsequently 
observed  in  clinical  trials  [13]);  TAM  and  FAS  crossresistant  [28] 
(perhaps  this  is  truly  antiestrogen  crossresistant  and  it  is  seen  both 
clinically  in  patients  and  experimentally  in  MCF-7  models  [13,29]). 
Other  variations  on  these  phenotypes  likely  occur  but  are  beyond 
the  scope  of  our  discussion. 

1.3.  Clinical  evidence  for  the  prevalence  of  pharmacological 
resistance  phenotypes 

Obtaining  direct  clinical  evidence  for  the  prevalence  of  each  of 
the  pharmacological  resistance  phenotypes  is  challenging.  We  have 
previously  noted  the  utility  of  applying  clinical  responses  to  TAM 
withdrawal  in  metastatic  breast  cancer  as  one  means  to  define, 
at  least  in  broad  terms,  the  likely  relevance  of  a  series  of  phar¬ 
macological  phenotypes  [29].  This  approach  is  somewhat  limited, 
as  the  number  of  cases  across  all  studies  is  modest  (n  =  241).  Fur¬ 
thermore,  TAM  withdrawal  responses  cannot  readily  distinguish 
between  TAM-stimulation  and  estrogen-inhibition  because  each 
should  predict  for  a  clinical  benefit.  The  latter  would  induce  a  bene¬ 
fit  because  many  breast  cancers  contain  significant  concentrations 
of  17|3-estradiol,  independent  of  both  menopausal  and  ER/PGR  sta¬ 
tus  [10],  sufficient  to  produce  the  estrogen-inhibited  phenotype 

[24] .  Indeed,  the  superiority  of  AIs  over  TAM  in  inducing  clinical 
response  strongly  implies  that  over  75%  of  ER+/PGR+,  at  least  50% 
of  all  ER+  breast  cancers  irrespective  of  PGR  expression,  and  45%  or 
more  of  ER-/PGR+  breast  tumors  are  probably  driven  by  adequate 
access  to  estrogen. 

In  our  prior  assessment,  almost  9%  of  patients  received  an  overall 
clinical  response  to  TAM  withdrawal  (partial  responses  +  complete 
responses).  When  disease  stabilizations  were  included  we  esti¬ 
mated  that  less  than  20%  of  patients  received  clinical  benefit  [29], 
suggesting  that  the  sum  of  TAM-stimulated  plus  estrogen-inhibited 
clinical  phenotypes  may  not  account  for  the  majority  of  resis¬ 
tant  phenotypes  in  women.  Of  course,  given  the  number  of  ER+ 
breast  cancers  arising  every  year,  these  phenotypes  are  relevant  to  a 
notable  number  of  women.  The  major  response  to  TAM  withdrawal 
was  clinically  detectable  disease  progression  -  greater  than  80%  of 
cases  -  strongly  implicating  unresponsiveness  as  the  primary  clini¬ 
cal  resistance  mechanism  to  TAM.  Whether  these  breast  cancers  are 
fully  crossresistant  to  all  endocrine  therapies,  or  retain  sensitivity 
to  AIs,  cannot  be  determined  from  this  simple  analysis. 

Nomura  et  al.  [30]  took  a  different  approach  and  assessed  the 
responsiveness  to  estrogen  and  TAM  in  short-term  primary  cell  cul¬ 
tures  of  n  =  153  ER+  breast  cancer  biopsies.  This  approach  allowed 
the  authors  to  separate  the  various  pharmacological  phenotypes; 
approximately  7%  of  ER+  primary  cultures  were  stimulated  by  TAM 
and  almost  3%  were  inhibited  by  physiological  concentrations  of 
estradiol— notably  close  to  our  estimate  of  9%  for  the  sum  of  these 
two  clinical  phenotypes. 

It  is  important  here  to  separate  responses  to  physiological  estro¬ 
gens  from  those  produced  by  pharmacological  estrogen  therapy. 
High  dose  estrogen  therapy  was  used  prior  to  the  advent  of  TAM. 
As  with  all  endocrine  therapies,  approximately  30%  of  all  breast  can¬ 
cers  (receptor  status  was  not  available  when  most  of  these  studies 
were  done)  responded  [31,32].  Side  effects  were  unfavorable,  prob¬ 
ably  explaining  the  switch  to  TAM  that  also  induces  responses  in 
approximately  30%  of  all  breast  cancers  (when  receptor  status  is  not 
considered).  It  is  also  likely  that  the  mechanisms  of  action  of  phar¬ 
macological  and  physiological  dose  estrogens  differ.  Over  15  years 
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ago,  we  were  the  first  to  show  that  pharmacological  concentrations 
of  both  estradiol  and  TAM  induce  changes  in  the  membrane  fluid¬ 
ity  of  breast  cancer  cells  and  that  this  correlates  with  changes  in 
cell  growth  [33].  It  is  unlikely  that  membrane  fluidity  changes  are 
major  contributors  to  the  action,  either  prosurvival  or  prodeath,  of 
physiological  estrogen  exposures  but  they  likely  do  contribute  to 
the  prodeath  effects  of  pharmacological  exposures. 

2.  Cell  fate  in  the  context  of  endocrine  responsiveness 

Therapeutic  strategies  for  breast  cancer  generally  aim  to  alter  the 
balance  between  cell  death  and  cell  survival  such  that  cancer  cells 
(but  ideally  not  normal  cells)  die.  However,  endocrine  therapies 
consistently  also  induce  a  notable  growth  arrest  in  sensitive  tumors. 
The  relative  importance  of  growth  arrest  and  cell  death  remains 
unclear.  To  explore  this  issue,  we  will  first  discuss  the  forms  of  cell 
death  and  then  compare  the  potential  for  cell  death  and  cell  growth 
arrest  to  contribute  to  endocrine  responsiveness. 

Cell  death  pathways  include  signaling  to  apoptosis,  autophagy, 
mitotic  catastrophe,  necrosis,  and  senescence.  Late  events  in  cell 
death  are  reasonably  well  defined  at  the  molecular  (such  as  PARP 
cleavage)  and  cellular  levels  (including  DNA  disintegration).  How¬ 
ever,  knowledge  of  the  regulatory  signaling  upstream  of  these 
events,  and  how  this  signaling  is  integrated  and  processed,  is  now 
known  to  be  incomplete.  Mitochondrial  function  and  integrity,  reg¬ 
ulated  in  part  by  BCL2  family  members,  are  central  to  several  forms 
of  cell  death  [34-36]. 

2 A.  Apoptosis 

Apoptosis  is  a  programmed  cell  death  defined  by  morphological 
criteria  related  to  organized  chromatin  condensation  and  frag¬ 
mentation  of  the  cell  nucleus,  accompanied  by  cleavage  of  DNA, 
formation  of  apoptotic  bodies,  cell  shrinkage,  and  ruffling  of  the 
cell  membrane  [35,37,38].  Two  major  pathways  are  involved.  The 
intrinsic  (mitochondrial)  pathway  is  regulated  by  the  proapoptotic 
and  antiapoptotic  BCL2  family  members;  this  pathway  involves 
changes  in  mitochondrial  membrane  permeability  (MMP),  release 
of  cytochrome  c,  exposure  of  phosphatidylserine  on  the  outer  leaflet 
of  the  plasma  membrane,  and  the  eventual  loss  of  plasma  mem¬ 
brane  integrity  [39].  The  extrinsic  (cell  surface  receptor)  pathway 
is  dependent  upon  extracellular  signals  including  tissue  necrosis 
factor-a  (TNFa),  Fas  ligand,  and  TNF-related  ligand  TRAIL  [37,38]. 
The  intrinsic  and  extrinsic  pathways  activate  caspases,  the  “exe¬ 
cutioners”  of  apoptosis,  which  cleave  DNA  and  catabolize  the 
cytoskeleton.  Apoptosis  is  not  a  discrete  process  and  occurs  over 
time— early  (4-18  h),  middle  (18-36  h),  and  late  stages  (>36h)  are 
often  described  based  largely  on  data  from  cell  culture  models. 
Changes  in  specific  BCL2  family  members  (early  events  that  can 
precede  changes  in  MMP),  changes  in  MMP,  and  the  exposure 
of  phosphatidylserine  are  generally  interpreted  as  representing 
early-to-middle  apoptosis.  Cytoplasmic  cytochrome  c  release  from 
mitochondria,  changes  in  propidium  iodide  staining,  increased  ter¬ 
minal  transferase  dUTP  nick  end  labeling  (TUNEL)  and  cleavage  of 
the  DNA  repair  enzyme  PARP-1  are  associated  with  late  apoptosis 
or  necrosis  [35]. 

2.2.  Autophagy 

Autophagy  is  a  lysosomal  pathway  where  cytoplasmic  contents 
are  degraded  by  double/multi-membrane  vacuoles  or  autophago¬ 
somes,  normally  resulting  in  the  removal  of  defective  or  damaged 
organelles,  e.g.,  mitochondria.  A  better  understanding  of  the  regu¬ 
lation  of  autophagy  has  recently  begun  to  emerge;  key  regulators 
are  now  known  to  include  BCL2  family  members  [40,41  ]  and  their 


interacting  proteins  such  as  beclin-1  / ATG6  (BECN1 )  [42].  BCL2  anti¬ 
apoptotic  proteins  can  block  autophagy  by  inhibiting  BECN1  [36]. 
Since  monoallelic  loss  of  the  BECN1  locus  is  seen  in  >40%  of  breast 
cancers  [43]  (and  in  MCF-7  cells),  modulating  BCL2  may  be  an 
effective  mechanism  for  regulating  BECN1  -activated  autophagy. 
Autophagy  can  be  identified  by  the  absence  of  marginated  nuclear 
chromatin,  the  presence  of  cytoplasmic  vacuoles  using  trans¬ 
mission  electron  microscopy  or  monodansylcadaverine  [44,45], 
cleavage  of  the  LC3B  protein  [46,47],  and  regulation  of  the 
p62/SQSTMl  protein  [48].  Early  events  in  autophagy  may  be 
reversible;  later  events  may  (or  appear  to)  share  mechanisms  with 
other  cell  death  pathways.  For  example,  cleavage  of  ATG5  by  caplain 
[49]  or  upregulation  of  BID  [41  ]  can  cause  a  switch  from  autophagy 
to  apoptosis. 

Paradoxically,  autophagy  can  act  as  a  cell  survival  mechanism 
when  extracellular  nutrients  or  growth  factors  are  limited,  or  as 
an  alternative  cell  death  pathway  to  apoptosis  [50].  Prosurvival 
outcomes  likely  reflect  an  adequate  adjustment  to  stress,  with 
energy/nutrients  recovered  from  the  organelles  “digested”  in  the 
autophagosomes.  Prodeath  outcomes  may  arise  when  the  self¬ 
digestion  of  autophagy  leads  to  such  a  loss  of  organelles  that  the 
cell  can  no  longer  survive.  In  cancer  cells,  autophagy  induction 
can  accelerate  cell  death  [51-55]  or  promote  cell  survival  [56-58], 
independently  or  in  response  to  treatment  with  cytotoxic  agents. 

2.3.  Mitotic  catastrophe 

Faulty  DNA  structure  checkpoints,  or  the  spindle  assembly 
checkpoint,  are  key  components  of  this  form  of  cell  death  [59,60]. 
Disruption  of  the  normal  segregation  of  many  chromosomes  results 
in  rapid  cell  death  [59].  When  this  cell  death  does  not  occur,  the  cell 
can  divide  asymmetrically  and  produce  aneuploid  daughter  cells 
[61  ]  that  can  become  neoplastic  [59,61  ].  Thus,  mitotic  catastrophe 
is  characterized  by  multinucleation. 

2.4.  Necrosis 

Necrosis  is  a  chaotic  process  marked  by  cellular  edema,  vac¬ 
uolization  of  the  cytoplasm,  breakdown  of  the  plasma  membrane, 
and  an  associated  inflammatory  response  caused  by  the  release  of 
cell  contents  into  the  surroundings.  Increased  permeability  to  try¬ 
pan  blue  or  other  vital  dyes,  in  the  absence  of  organized  chromatin 
condensation  and  DNA  fragmentation,  is  characteristic  of  necrosis 
[44,62]. 

2.5.  Senescence 

Senescent  cells  are  characteristically  enlarged,  flattened  with 
vacuoles  and  a  large  nucleus,  be  come  permanently  cell  cycle 
arrested  and  unresponsive  to  mitogenic  stimuli  and  express  |3- 
galactosidase  [45,63].  Normally,  as  telomerase  activity  falls  over 
time,  successive  telomere  shortening  limits  proliferation  and  leads 
to  “cellular  senescence”  or  “mortality  stage  1  (Ml)”.  Inactivation 
of  p53  can  by  bypass  Ml  growth  arrest,  producing  critically  short 
telomeres  and  massive  cell  death  called  “mortality  stage  2  (M2)”  or 
“crisis”  [64]. 

2.6.  Endocrine -induced  cell  death  in  breast  cancer 

Precisely  how  breast  cancer  cells  die  following  estrogen  with¬ 
drawal  (or  AI  treatment)  or  AE  treatment  is  unclear.  Senescence 
may  not  be  the  dominant  mechanism,  since  this  process  frequently 
involves  DNA  damage  and  p53  activation  [38,45]  but  breast  can¬ 
cer  cells  respond  to  AEs  and  to  estrogen  withdrawal  even  if  they 
have  mutated  p53  [35,65].  While  apoptosis  is  clearly  implicated 
[65-68],  some  of  the  apoptosis  endpoints  in  prior  studies  may  not 
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Fig.  1.  Autophagy  is  enhanced  upon  FAS  treatment  in  ER+  breast  cancer  cell  lines.  MCF-7  cells  were  treated  with  FAS  (ICI  182,780),  the  endoplasmic  reticulum  stress  and 
autophagy  inducer  tunicamycin  (TUN),  or  ethanol  control  (vehicle)  prior  to  staining  with  monodansylcadaverine  (MDC).  Increased  MDC  staining  indicates  that  autophagy 
has  been  induced. 


distinguish  among  earlier  events  more  closely  implicated  with  sig¬ 
naling  initiated  through  autophagy.  Autophagy  has  been  implicated 
in  response  to  endocrine  therapy  [69-71  ]  and  we  also  see  the  induc¬ 
tion  of  significant  autophagy  associated  with  endocrine  therapies. 

Fig.  1  shows  our  ability  to  detect  significant  changes  in  the  num¬ 
ber  of  autophagosomes  as  measured  by  an  increase  in  the  presence 
of  cytoplasmic  vacuoles  identified  by  monodansylcadaverine  stain¬ 
ing  [44,45]  (Fig.  1),  increased  cleavage  of  the  LC3  protein  [46,47], 
and  reduced  expression  of  p62/SQSTMl  [48,72-74]  (Fig.  2).  We  have 
previously  shown,  as  have  others,  that  AE  treatment  and  estrogen 
withdrawal  are  also  accompanied  by  increases  in  the  level  of  apop¬ 
tosis  and  growth  arrest  in  sensitive  cells.  Indeed,  when  restoring 
AE  sensitivity  in  resistant  cells  we  frequently  see  that  sensitiv¬ 
ity  is  reflected  in  the  restoration  of  an  ability  of  the  antiestrogen 
(or  estrogen  withdrawal)  to  both  increase  apoptosis  and  reduce 
proliferation  [75,76].  As  shown  in  Figs.  1  and  2,  and  consistent 
with  other  reports  [69-71],  prodeath  autophagy  also  is  associ¬ 
ated  with  the  growth  inhibitory  effects  of  endocrine  therapies  in 
breast  cancer  cells.  Thus  in  experimental  models,  cells  respond¬ 
ing  to  endocrine  therapies  concurrently  experience  an  increase  in 
cell  growth  arrest  accompanied  by  both  apoptosis  and  a  prodeath 
autophagy. 

2.7.  Proliferation,  cell  death,  and  endocrine  responsiveness 

One  of  the  most  consistent  observations  in  both  experimental 
models  in  vitro  and  in  vivo  and  in  clinical  specimens  is  the  abil¬ 
ity  of  endocrine  therapies  to  induce  a  profound  growth  arrest  in 
sensitive  breast  cancer  cells.  However,  the  relative  importance  of 
increased  cell  death  compared  with  reduced  proliferation  is  not 
entirely  clear.  In  most  endocrine  sensitive  experimental  models, 
growth  arrest  and  cell  death  concurrently  occur  and  both  clearly 
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Fig.  2.  Autophagy  is  enhanced  upon  FAS  treatment  in  ER+  breast  cancer  cell 
lines.  MCF7/LCC1  cells  were  treated  with  FAS,  TUN,  or  vehicle  prior  to  lysis 
and  immunoblotting  using  standard  procedures.  Increased  LC3BII  (asterisk)  and 
decreased  p62/SQSTMl  expression  both  indicate  that  autophagy  has  been  induced. 


contribute  to  the  ability  of  endocrine  therapies  to  affect  changes  in 
anchorage-dependent  cell  number,  anchorage-independent  colony 
formation,  or  tumorigenesis  over  time  [27,77,78].  Less  clear  is  their 
relative  contribution  in  driving  clinical  responses  to  endocrine  ther¬ 
apies.  Growth  arrest  appears  to  be  readily  detected  in  breast  tumors 
responding  to  endocrine  therapy.  Less  clear  is  the  ability  to  detect 
robust  changes  in  apoptosis.  Some  investigators  do  [79],  and  some 
do  not  [66],  see  an  association  of  apoptosis  or  a  molecular  maker(s) 
of  apoptosis  with  clinical  response.  The  latter  is  in  marked  con¬ 
trast  to  studies  in  experimental  models.  For  some  studies,  response 
is  related  to  molecular  markers  of  apoptosis  such  as  BCL2  [79]  or 
the  FasL:Fas  ratio  [80].  Notably,  expression  of  the  anti-apoptotic 
molecule  BCL2  is  reduced  in  responsive  breast  tumors  by  3  months 
of  TAM  treatment  [79],  while  in  breast  tumors  that  remain  after 
TAM  therapy  BCL2  expression  is  elevated  [81].  However,  as  noted 
above,  BCL2  can  affect  both  an  apoptotic  and  autophagic  cell  death 
and  its  measurement  alone  is  likely  a  poor  predictor  of  any  specific 
cell  death  mechanism. 

If  cell  death  does  not  occur  in  clinical  breast  cancer  this  obser¬ 
vation  clearly  requires  explanation.  Several  possible  explanations 
exist— in  the  absence  of  compelling  experimental/clinical  data  sup¬ 
porting  or  eliminating  these  explanations  we  make  no  assessment 
at  this  time  on  their  relative  merits.  Firstly,  it  should  be  noted  that 
measures  of  apoptosis  are  usually  the  primary  endpoints  for  assess¬ 
ing  rates  of  cell  death.  Our  previously  published  results,  the  data  in 
Figs.  1  and  2,  and  the  work  of  others  [69-71]  show  that  estrogen 
withdrawal  or  antiestrogens  increase  both  the  rates  of  apoptosis 
and  autophagy  in  breast  cancer  models  responding  to  treatment. 
We  interpret  this  as  a  prodeath  autophagy  in  sensitive  cells,  con¬ 
sistent  with  other  reports  [69-71].  It  remains  unclear  whether 
autophagy  or  apoptosis  dominates  as  the  cell  death  mechanism  or 
whether  this  varies  among  different  breast  cancer  cells.  Measuring 
apoptosis  may  be  the  wrong  measure  of  cell  death  in  tumors,  or 
it  may  be  an  inadequate  measure  if  it  represents  only  some  pro¬ 
portion  of  cells  that  die  through  this  process.  Secondly,  apoptosis  is 
often  considered  to  comprise  early,  mid  and  late  stages,  and  an  irre¬ 
versible  commitment  to  cell  death  may  not  be  robustly  associated 
with  endpoints  other  than  those  definitively  reflecting  late  stage 
apoptosis.  A  measure  of  apoptosis  that  is  not  robustly  associated 
with  ultimate  cell  death  could  provide  an  incomplete  assessment 
of  the  rate  or  extent  of  cell  death.  Thirdly,  if  the  timing  of  apopto¬ 
sis  is  as  fast  in  patient  tumors  as  it  is  in  vitro ,  measurements  taken 
before  24-36  h  and/or  after  36-48  h  could  miss  many  of  the  key 
events.  The  most  sensitive  cells  would  have  been  through  apopto¬ 
sis  and  be  already  dead  and  gone,  and  the  rate  of  apoptosis  could 
have  returned  to  the  basal  level.  Fourthly,  duration  of  the  apoptotic 
response  may  differ  between  basal  apoptosis  and  drug-induced 
apoptosis.  If  drug-induced  apoptosis  leads  to  a  more  rapid  death, 
the  number  of  cells  processing  though  apoptosis  could  increase 


12 


R.  Clarke  et  al.  /  Journal  of  Steroid  Biochemistry  &  Molecular  Biology  114  (2009)  8-20 


without  any  detectable  change  across  time  in  the  apparent  rate  of 
apoptosis. 

Finally,  a  reduction  in  cell  proliferation  alone  could  be  suffi¬ 
cient  to  account  for  some  shrinkage  of  tumor  size,  as  the  rate  of 
cell  replacement  might  no  longer  be  sufficient  to  account  for  cell 
loss  from  either  a  basal  rate  of  cell  death  and/or  loss  to  migration 
and  metastasis.  However,  unless  almost  all  growth  arrested  cells 
also  undergo  some  form  of  cell  death,  it  is  unclear  why  growth 
arrest  alone  should  lead  to  large  and  relatively  rapid  reductions 
in  tumor  size  (over  several  weeks  compared  with  often  many  years 
of  presumably  much  longer  growth  prior  to  clinical  detection  and 
treatment).  Growth  arrest  alone  may  be  sufficient  to  account  for 
good  responses  in  some  tumors,  particularly  where  there  is  a  high 
basal  rate  of  cell  death.  However,  it  is  not  immediately  clear  how 
this  applies  to  tumors  with  an  inherently  low  rate  of  proliferation, 
whether  because  the  growth  fraction  is  large  but  cycling  slowly  or 
the  growth  fraction  is  small  but  proliferating  rapidly.  This  is  an  area 
where  mathematical  modeling  could  be  particularly  useful,  since  it 
could  compare  the  effect  sizes  needed  for  relative  changes  in  pro¬ 
liferation  and  cell  death  to  affect  predicted  overall  tumor  size  over 
time. 

While  there  is  currently  no  definitive  understanding  of  the  pri¬ 
mary  cell  death  mechanisms  in  either  experimental  models  or  in 
breast  tumors  in  women,  or  of  the  relative  importance  of  endocrine 
therapy-induced  changes  in  proliferation  compared  with  cell  death, 
there  are  potentially  important  implications  for  the  underlying  biol¬ 
ogy  of  the  cancer  cells.  If  the  primary  driver  of  response  as  seen 
in  tumor  shrinkage  is  a  reduction  in  proliferation,  this  will  leave 
many  cells  alive  and  still  metabolically  active.  Surviving  cells  have 
the  ability  to  adapt  to  the  endocrine-induced  stress  and  eventually 
overcome  the  proliferative  blockade  and  grow— they  will  become 
resistant.  This  process  seems  unlikely  to  occur  in  many  of  those 
women  who  receive  the  clear  long  term  benefit  of  a  significant 
reduction  in  the  risk  of  death  [8,9]. 

Whether  it  is  the  growth  arrested  but  surviving  cells  that  even¬ 
tually  become  resistant  is  unknown  but  it  is  certainly  an  intuitively 
satisfying  hypothesis.  Moreover,  this  hypothesis  is  supported  by 
the  ability  to  take  sensitive  cells  in  culture,  expose  them  for  pro¬ 
longed  periods  to  either  estrogen  withdrawal  or  AE  treatment,  and 
eventually  induce  an  acquired  resistant  phenotype  [27,28,77,82]. 
This  process  is  accompanied  by  a  profound  and  prolonged  period 
of  growth  arrest  prior  to  the  emergence  of  resistant  cells,  a  pat¬ 
tern  consistent  with  the  clinical  progress  of  the  disease  in  tumors 
that  initially  respond  to  therapy  but  that  eventually  recur— often  a 
decade  or  more  after  the  initiation  of  TAM  treatment. 


3.  Molecular  signaling  and  resistance 

The  precise  mechanisms  of  resistance  to  an  AE  and/or  an  AI 
remain  unclear,  reflecting  an  incomplete  understanding  of  the  sig¬ 
naling  affecting  cell  proliferation,  survival,  and  death  and  their 
hormonal  regulation  in  breast  cancer.  We  have  previously  reviewed 
the  mechanisms  of  resistance  to  AEs  and  to  estrogen  depriva¬ 
tion  elsewhere  in  some  detail  [10,23,29],  so  we  focus  here  on  the 
molecular  signaling  aspects  of  resistance  and  how  these  may  be 
integrated  and  explored  using  emerging  technologies.  We  will  focus 
primarily  on  signaling  to  cell  death— signaling  to  regulate  prolifer¬ 
ation  in  the  context  of  endocrine  responsiveness  will  be  the  subject 
of  a  separate  review. 

The  primary  technologies  that  have  matured  sufficiently  to 
enable  global  approaches  to  network  modeling  include  gene 
expression  microarrays,  ChIP-on-chip,  SNP  chips,  high-throughput 
DNA  sequencing,  and  array  CGH.  Each  of  these  technologies  has 
reached  a  high  level  of  maturity,  and  each  is  characterized  by 
the  generation  of  very  high  dimensional  data  on  each  sample 


whether  the  read-out  be  genomic  or  transcriptomic  data ;  this  also  is 
true  of  the  emerging  high-throughput  proteomic  technologies.  The 
remarkable  volume  of  data,  and  the  diversity  of  biological  infor¬ 
mation  that  informs  the  interpretation  of  these  data,  has  begun  to 
transform  the  fields  of  biostatistics,  computer  science,  and  bioin¬ 
formatics.  However,  the  properties  of  these  datasets  are  often  not 
fully  understood  nor  are  the  challenges  these  properties  provide  for 
data  analysis  and  network  modeling.  Readers  interested  in  explor¬ 
ing  some  of  these  challenges  can  read  recent  reviews  [83,84].  Here 
we  will  address  briefly  several  approaches  to  the  use  of  these  data 
for  network  modeling. 

3.1.  A  network  signaling  hypothesis  of  endocrine  responsiveness 

Estrogen-independence  and  AE  resistance  are  complex  pheno¬ 
types  and  both  genomic  and  non-genomic  activities  are  implicated 
[10,33,85].  We  consider  it  unlikely  that  endocrine  resistance  in 
ER+  tumors  is  driven  by  a  single  gene/signaling  pathway.  Unlike 
many  previous  single  gene/pathway  studies,  our  central  hypothe¬ 
sis  invokes  a  gene  network  that  confers  diversity  and  redundancy 
in  signaling  [10,86].  The  cell  death/survival  network  incorporates 
specific  signaling  as  affected  by  estrogen  and  AE  modification  of 
ERa  function.  Thus,  AEs  regulate  this  network  differently  than  other 
agents  such  as  cytotoxic  drugs. 

Signaling  leads  first  to  the  reversible  initiation  of  several  cell 
death/survival  signaling  pathways  within  the  network.  The  irre¬ 
versible  machinery  of  cell  destruction  is  activated  at  some  later 
point.  This  machinery  may  induce  common  outcomes  -  such  as 
activation  of  effector  caspases  and  DNA/plasma  membrane  dis¬ 
integration  -  independent  of  the  early  specific  initiating  signals. 
Hence,  we  envision  multiple  concurrent  signals  processing  through 
this  network,  some  prosurvival  and  some  prodeath,  with  cell  fate 
reflecting  the  dominant  signaling.  In  endocrine  resistant  cells, 
endocrine  regulation  and/or  function  of  components  of  this  net¬ 
work  are  changed  and  prodeath  signals  are  either  no  longer  induced 
or  dominant. 

This  cell  fate  signaling  network  hypothesis  is  intuitively  logical 
and  certainly  testable.  Evidence  that  cells  induce  prosurvival  signal¬ 
ing  in  an  attempt  to  circumvent  stressors  implies  that  some  cells  are 
successful  and  ultimately  survive  whereas  others  are  unsuccessful 
and  die.  Thus,  the  balance  between  prosurvival  and  prodeath  sig¬ 
naling  is  likely  the  final  arbiter  of  cells  fate  [83].  While  this  remains 
an  area  of  active  investigation,  we  first  discuss  the  basic  principles 
of  network  modeling  and  then  provide  an  example  of  a  seed-gene 
network  of  endocrine-regulated  signaling  in  endocrine  responsive¬ 
ness. 

3.2.  Basic  concepts  of  gene  networks 

Cellular  signaling  occurs  more  in  the  context  of  interactive  net¬ 
works  than  through  linear  pathways  [83].  The  basic  topology  of  a 
network  is  defined  by  nodes  (genes/proteins)  and  their  intercon¬ 
nections  (edges).  Interconnections  are  multi-faceted  and  include 
one-to-one,  one-to-many,  or  many-to-one  relationships,  and  feed¬ 
forward  or  feed-back  loops.  The  dynamic  activity  of  a  network  is 
constrained  by  the  various  forms  of  interactions,  and  the  network 
behaves  only  in  certain  ways  and  controlled  manners  in  response 
to  changing  cellular  conditions  or  external  stimuli  [87].  While 
often  built  solely  from  gene  expression  microarray  data,  these  data 
are  high  dimensional  and  contain  spurious  correlations  that  can 
confound  simple  solutions  for  network  building  [83,84].  Relevant 
events  also  occur  in  the  genome  and  proteome,  some  of  which  can 
affect  the  transcriptome.  For  example,  a  transcription  factor  (TF) 
may  be  activated  by  phosphorylation  and  bind  to  responsive  ele¬ 
ments  in  the  genome  but  the  regulation  of  its  downstream  targets 
is  seen  in  the  transcriptome  [83].  An  example  of  this  relationship  is 
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Fig.  3.  Illustration  of  the  complex  and  challenging  nature  of  pathway  analysis.  Genes 
identified  as  being  differentially  expressed  in  resistant  MCF7/LCC9  cells  by  SAGE 
and  gene  expression  microarray  were  analyzed  by  Pathway  Architect  (Stratagene) 
to  identify  relationships  in  silico. 

the  ligand-independent  activation  of  ERa  following  its  phosphory¬ 
lation  on  SER118  by  MAPK  [88]. 

Simplistically,  there  are  two  basic  approaches  to  network  model¬ 
ing  of  high  dimensional  data:  top-down  and  bottom-up.  The  former 
is  probably  the  most  widely  used  approach  as  several  accessible 
commercial  software  packages  are  available  that  make  this  an  easy 
task  to  perform  without  the  need  for  training  in  biostatistics  or 
bioinformatics.  These  packages  often  apply  various  implementa¬ 
tions  of  gene  ontologic  and  semantic  search  algorithms  that  identify 
cellular  functions  and  pathways  to  which  individual  nodes  are 
assigned;  these  data  are  then  graphically  represented. 

The  solutions  produced  by  several  popular  top-down  algorithms 
are  often  characterized  by  representations  of  tens-to-hundreds  of 
nodes  linked  by  hundreds-to-thousands  of  edges,  making  inter¬ 
pretation  challenging  (Fig.  3).  Whether  the  algorithms  address  the 
confounding  properties  of  high  dimensional  spaces,  such  as  the 
curse  of  dimensionality  or  the  confound  of  multimodality,  or  incor¬ 
porate  the  critical  aspects  of  cellular  context  and  alleviate  the  trap 
of  self-fulfilling  prophesy,  is  not  clear  [83].  Among  the  additional 
challenges  are  the  incompleteness  of  relevant  biological  knowledge 
and  the  annotation  error  rate  in  the  source  databases  searched  by 
these  algorithms  [83].  Nonetheless,  these  approaches  can  be  useful 
when  carefully  applied  and  their  limitations  fully  understood,  and 
when  experts  from  both  the  biological  and  mathematics  domains 
combine  expertise  to  assess  the  validity  of  the  solutions.  Currently, 
such  approaches  probably  have  most  to  offer  in  the  area  of  hypoth¬ 
esis  generation,  rather  than  in  the  construction  of  truly  biologically 
meaningful  signal  transduction  networks. 

3.3.  The  “seed-gene"  approach  to  network  modeling 

The  bottom-up  approach  is  generally  referred  to  as  the  “seed- 
gene  approach”  to  network  modeling  [89].  This  approach  requires 
the  extraction  of  a  small  number  of  seed  genes  from  within  the  pri¬ 
mary  data;  these  genes  are  then  used  to  grow  the  network  in  several 
ways.  We  will  not  address  all  the  various  approaches  in  this  review 
but  provide  a  few  brief  examples.  Various  modeling  methods  can 
be  applied  to  find  and  link  adjacent  nodes,  growing  the  network  de 
novo.  Local  subnetworks  can  be  identified  and  overlaid  or  linked  to 


the  initial  seed  genes.  A  simple  approach  is  the  incorporation  of  a 
canonical  pathway  (which  may  be  a  subnetwork  in  what  would  be 
a  final  and  much  broader  network)  when  it  is  known  to  be  relevant 
in  the  cellular  context  under  study  and  where  incorporating  the 
nodes  and  edges  of  the  canonical  pathway  members  is  consistent 
with  statistical  properties  of  the  growing  model  topology. 

Knowledge  of  how  a  gene  (node)  affects  the  expression/function 
of  another  node  provides  directional  connectivity  information  that 
can  be  applied  to  the  interacting  nodes.  Transcription  networks  can 
be  grown  (or  transcriptional  edges  between  nodes  in  a  network 
that  incorporates  other  biological  knowledge)  by  linking  TFs  to  their 
downstream  targets.  These  targets  can  be  predicted  using  specific 
algorithms  [90-93];  where  possible  it  is  preferable  to  incorporate 
functional  data  such  as  that  obtained  from  ChIP-on-chip  arrays  [91  ]. 
Thus,  interacting  nodes  can  be  identified  along  with  the  direction¬ 
ality  of  their  edges  as  the  seed-gene  network  is  grown. 

The  most  labor  intensive  approach  is  to  derive  experimentally 
nodes  and  edges,  growing  the  network  using  definitive  laboratory- 
derived  knowledge.  Where  additional  high-throughput  data  are 
already  available,  such  as  ChIP-on-chip,  this  is  preferable.  Currently, 
functional  data  is  probably  more  often  obtained  one  gene  at  a  time, 
using  standard  molecular  methods  such  as  gene  knock-down  and 
overexpression.  This  laborious  approach  is  becoming  supplanted 
with  the  emerging  functional  genomic  methods  such  as  siRNA, 
ribozyme,  or  antisense  libraries  that  can  test  experimentally  the 
contribution  of  hundreds  to  thousands  of  genes.  These  methods 
enable  investigators  to  extract  concurrently  nodes  that  experimen¬ 
tally  generate  biologically  appropriate  changes  in  the  phenotype 
under  investigation. 

Once  seeds  and  their  edges  are  identified,  and  functional  bio¬ 
logical  metadata  obtained,  interactive  models  can  be  grown  using 
neural  network  and  other  machine  learning  tools.  Several  models 
have  been  proposed  to  reveal  the  behaviors  of  regulatory  networks 
from  gene  expression  data  [22,23]  including  Boolean  networks 
[24-26],  Bayesian  networks  [27-30],  linear  additive  regulation 
models  [31,32],  state-space  models  (SSMs)  [33,34],  and  recurrent 
neural  networks  (RNN)  [35,36].  However,  these  methods  use  only 
mRNA  expression  data  to  infer  networks. 

Integrated  approaches  have  been  recently  proposed  to  learn 
transcriptional  regulation  from  various  data  sources  [27,30,37-43]. 
An  iterative  search  on  mRNA  expression  and  ChIP-on-chip  data  [37], 
or  the  incorporation  of  expression  profiles,  ChIP-on-chip,  and  motif 
data  [41  ]  have  each  been  used  in  yeast  to  discover  transcriptional 
networks.  Several  linear  models  or  matrix  decomposition  meth¬ 
ods  have  also  been  proposed  [43-46].  Network  component  analysis 
(NCA)  is  a  notably  powerful  approach  [45]  but  NCA  and  these  other 
methods  cannot  easily  infer  regulatory  networks  in  biological  sys¬ 
tems  more  complex  than  yeast. 

Other  limitations  exist  in  network  modeling.  Complete  bio¬ 
logical  knowledge  for  topology  estimation  (node-node  edges  and 
directionality),  such  as  high-throughput  ChIP-on-chip  data  or  func¬ 
tional  data  from  laboratory  experiments,  are  often  not  (or  only 
partially)  available  for  human  cells.  When  heterogeneous  data 
sources  are  integrated  for  computational  inference,  the  consistency 
of  different  data  sources  is  often  inadequate  or  unknown.  Topologi¬ 
cal  knowledge  also  comes  from  biological  experiments,  which  often 
contains  false  positives/negatives  that  can  lead  to  incorrect  network 
inference. 


4.  Seed-gene  model  for  cell  signaling  and  the  regulation  of 
cell  fate 

While  we  continue  to  develop  new  methods  for  network  mod¬ 
eling,  we  have  yet  to  report  our  modeling  approaches  to  our  own 
expanding  data  sets.  Hence,  we  will  here  describe  our  initial  studies 
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on  the  use  of  seed  genes  and  experimental  data  to  construct  a  sim¬ 
ple  wiring-diagram  of  our  initial  seed-gene  network.  The  inability 
to  induce  signaling  to  irreversible  cell  death  is  a  central  component 
of  drug  resistance  [94].  Thus,  we  propose  that  cells  possess  a  com¬ 
mon  cell  death/survival  regulatory  decision  network  of  integrated 
and/or  interacting  pathways  (see  above). 

Prior  to  building  network  models,  it  is  necessary  to  extract  ini¬ 
tial  nodes  (seed  genes)  from  which  a  network  can  be  built  [89]. 
Since  ER  is  a  TF  and  regulates  other  functionally  relevant  TFs  that 
influence  endocrine  responsiveness  and  cell  fate,  selecting  a  small 
number  of  TFs  as  seed  genes  is  reasonable  for  network  modeling. 
The  full  list  of  relevant  ER-regulated  TFs  that  may  affect  cell  fate 
is  unknown.  Nonetheless,  our  published  data  support  the  central 
hypothesis  that  that  IRF1  [65,95-97],  XBP1  [76,95]  and  NFkB(RELA) 
[75,95]  are  key  regulatory  nodes  or  control  key  modules  in  this  net¬ 
work.  Moreover,  our  experimental  data  in  endocrine  sensitive  and 
resistant  breast  human  cancer  cells  now  allow  us  to  map  their  edges 
and  directionality,  in  an  appropriate  cellular  context,  with  some 
confidence. 

4.1.  X-box  binding  protein- 1  (XBP1 )  and  the  unfolded  protein 
response  (UPR) 

UPR  is  a  central  component  of  the  endoplasmic  stress  response 
[98],  an  adaptive  signaling  pathway  that  allows  cells  to  survive  the 
accumulation  of  unfolded  proteins  in  the  endoplasmic  reticulum 
lumen  [99].  Initially  a  compensatory  mechanism  allowing  cells  to 
recover  normal  endoplasmic  reticulum  function,  a  prolonged  UPR 
may  induce  cell  death.  UPR,  which  can  be  induced  by  cellular  stres¬ 
sors  such  as  hypoxia,  is  activated  by  each  of  three  molecular  sensors : 
IREla,  ATF6,  PERK  [100].  XBPl’s  unconventional  splicing  (occurs  in 
the  cytosol)  by  IREla  is  an  obligate  component  in  both  IREla-  and 
ATF6-induced  UPR  [100,101].  The  UPR  (initiated  by  XBP1  splicing 
by  IREla)  can  activate  autophagy  [102].  Whether  this  is  a  pro¬ 
survival  or  prodeath  form  of  autophagy  is  unknown,  since  UPR 
activation  also  can  induce  both  prodeath  and  prosurvival  outcomes 
[103]. 

XBP1  is  a  transcription  factor  that  belongs  to  the  basic 
region/leucine  zipper  (bZIP)  family  [104,105].  The  unspliced  form, 
XBP1  (U),  has  a  molecular  weight  of  ~33  kDa  and  acts  as  a  dominant 
negative  of  spliced  XBP1  [106,107].  The  spliced  form,  XBP1(S),  has 
a  molecular  weight  of  ~54kDa;  splicing  removes  a  26  bp  intron 
and  creates  a  translational  frame-shift.  Regulation  of  transcrip¬ 
tion  by  XBP1(S)  is  a  consequence  of  its  homodimers  activating 
specific  cAMP  response  elements  (CREs)  with  a  conserved  ACGT 
core  sequence  GATGACGTG(T/G)  NNN(A/T)T— sometimes  called  the 
UPR  element  [103,104,108].  XBP1(S),  which  is  implicated  in  affect¬ 
ing  plasma  cell  differentiation  [109],  is  essential  for  fetal  survival, 
neurological  development,  bone  growth,  immune  system  activa¬ 
tion,  and  liver  development  [110,111  ].  XBP1  is  also  rapidly  induced 
in  response  to  estrogen-stimulation  [112,113].  Consistent  with  the 
work  of  others  [108],  we  have  shown  that  XBP1(S)  can  bind  to  and 
activate  ERa  in  a  ligand-independent  manner  (Fig.  4). 

We  have  recently  shown  that  XBP1(S)  confers  E2-independence 
(effectively  an  AI  resistant  phenotype)  and  AE  crossresistance  (TAM 
and  FAS  crossresistance)  in  both  MCF-7  and  T47D  human  breast 
cancer  cells  [76].  This  activity  appears  to  be  driven  primarily  by 
XBP1(S),  as  introduction  of  the  full-length  XBP1  cDNA  in  either 
MCF-7  or  T47D  cells  generates  predominately  the  XBP1(S)  protein. 
This  observation  suggests  that  the  basal  activity  of  IREla  is  already 
adequate  and  that  XBP1(S)  is  the  rate  limiting  protein.  XBP1  is  the 
only  known  substrate  for  the  IREla  endonuclease  and  only  IREla 
can  splice  mammalian  XBP1.  Since  XBP1  splicing  is  thought  to  func¬ 
tion  primarily  within  the  UPR,  breast  cancer  cells  may  be  primed  to 
respond  to  multiple  stressors  by  activating  a  prosurvival  induction 
of  UPR. 
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Fig.  4.  Physical  association  of  XBP1  and  ERa  is  accompanied  by  robust  ERE-driven 
transcriptional  activity  in  MCF7/XBP1  cells.  (A)  MCF-7  cells  stably  expressing  XBP1 
cDNA  or  the  empty  vector  control  (c)  were  treated  with  FAS  or  ethanol  control  (ctrl.) 
vehicle  prior  to  lysis  and  immunoblotting  (lanes  1  and  2)  or  co-immunoprecipitation 
of  XBP1  and  ERa  (lanes  3  and  4)  using  standard  procedures.  (B)  MCF7/c  and 
MCF7/XBP1  cells  were  transiently  co-transfected  with  plasmids  encoding  3xERE- 
luciferase  and  phRLSV40-Renilla  for  24  h  prior  to  lysis  and  promoter-reporter 
luciferase  assay  by  standard  methods.  Data  are  presented  as  mean  relative  ERE- 
luciferase  activity  ±SE  for  a  representative  experiment  performed  in  triplicate, 
><0.001. 


4.2.  Interferon  regulatory  factor- 1  (IRF1 ) 

RFLP  linkage  analysis  assigned  the  IRF1  gene  to  5q23-31 ;  more 
definitive  studies  identified  the  locus  as  5q31.1  [114].  IRF1  was  ini¬ 
tially  identified  because  of  its  transcriptional  activation  of  type 
I  interferon  (IFN)  genes.  We  first  showed  the  ability  of  interfer¬ 
ons  to  sensitize  breast  cancer  cells  to  TAM  over  20  years  ago 

[115] .  More  recently,  IRF1  was  implicated  in  T-cell  development 

[116] ,  and  it  is  now  known  also  to  coordinate  expression  of  the 
immunoproteasome  [117],  to  regulate  human  telomerase  activ¬ 
ity  [118,119],  and  to  regulate  key  aspects  of  DNA  damage  repair 
[120,121].  Loss  of  IRF1  increases  tumorigenicity  in  mouse  mod¬ 
els  driven  by  ras  or  loss  of  p53  [122].  These  activities  may  reflect 
IRFl’s  ability  to  signal  to  apoptosis  [123],  which  can  occur  in  a 
p53-dependent  or  -independent  manner  [  120,124],  with  or  without 
induction  of  p21ciP1  [124]  or  p27kiP1  [125],  and  through  caspase-1 
[120],caspase-3  [96],caspase-7  [96,126],  caspase-8  [96,127],  and/or 
FasL  [128]. 

Following  our  initial  observations  of  IRFl’s  likely  role  in  breast 
cancer  [129-131]  and  antiestrogen  resistance  [129],  we  confirmed 
its  functional  involvement  using  a  dominant  negative  approach 
(dnIRFI)  [65].  IRF1  and  dnIRFI  induce  opposing  effects  on  pro¬ 
liferation  in  vitro  and  tumorigenesis  in  vivo  through  regulation 
of  caspases-3/7  and  caspase-8  activities  [96].  These  observations 
are  consistent  with  the  effects  of  inoculating  an  adenoviral  vec- 
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tor  containing  IRF1  directly  into  mouse  mammary  tumors  [132]. 
While  p53-dependent  apoptosis  occurs  in  the  breast  [133],  T47D 
cells  express  mutant  p53  and  our  data  show  that  intact  p53  is  not 
required  for  the  proapoptotic  actions  of  IRF1  [65,96].  In  AE  sen¬ 
sitive  breast  cancer  cells,  inhibition  of  AE-induced  IRF1  activity  by 
dnIRFI  is  accompanied  by  reduced  proapoptotic  activity  [65].  These 
observations  on  IRF1  and  AE  responsiveness  have  been  confirmed 
and  extended  by  others  in  both  normal  [134]  and  other  neoplastic 
breast  cell  culture  models  [135,136].  IRF1,  which  can  signal  through 
both  p53-dependent  and  -independent  mechanisms  [120,124],  pro¬ 
vides  a  new  and  potentially  important  signaling  molecule  for 
integrating  and  regulating  breast  cancer  cell  survival  in  response  to 
AEs. 

4.3.  Nuclear  factor  kappa  B  (NFkB) 

The  NFkB  p50/p65  heterodimer  complex  comprises  two  homol¬ 
ogous  proteins;  the  p50  product  of  its  pl05  precursor  (NFkBI; 
chromosome  4q24)  and  the  p65  (RELA;  llql3).  NFkB  is  main¬ 
tained  in  the  cytosol  in  an  inactive  state,  bound  with  members 
of  the  IkB  family  that  inhibit  nuclear  transport  or  block  NFkB’s 
nuclear  translocation  signal  [137].  Activation  usually  proceeds  by 
the  IKK  kinase  complex  phosphorylating  IkB,  resulting  in  IkB 
ubiquitination  and  degradation  [138].  NFkB  (RELA/NFkBI  )  is  impli¬ 
cated  in  several  critical  cellular  functions  [139].  Reflecting  its 
regulation  by  both  estrogen  and  growth  factors  [140,141]  that 
are  involved  in  endocrine  resistance  [10,142],  normal  mammary 
gland  development  is  dependent  upon  NFkB  [143].  Increased 
NFkB  activity  arises  during  neoplastic  transformation  in  the 
rat  [144]  and  mouse  mammary  gland  [145].  Upregulation  of 
NFkB  is  associated  with  E2-independence  [140,143].  The  predom¬ 
inant  NFkB  form  in  breast  cancer  cell  lines  is  RELA/NFkBI;  the 
p52  family  member  also  is  expressed  in  some  breast  cancers 
[146]. 

We  have  shown  that  NFkB  can  confer  estrogen-independence 
and  AE  crossresistance  [75,95,147].  Estrogen-independent  growth 
in  vitro  and  in  vivo  is  supported  by  increases  in  both  NFkB  DNA  bind¬ 
ing  activity  and  expression  of  BCL3  [147].  This  study  highlights  the 
functional  implications  of  NFkB  in  AI  resistance.  Expression  of  iKBa 
(NFkB  repressor)  in  estrogen-independent  LCC1  cells  (LCC1  cells 
are  derived  from  MCF-7  and  are  estrogen-independent  but  sensi¬ 
tive  to  AEs  [148]),  which  have  increased  NFkB  activation  relative 
to  estrogen-dependent  MCF-7  cells,  eliminates  their  estrogen- 
independence  in  vivo. 

LCC9  cells  (TAM  and  FAS  crossresistant  variant  of  LCC1  [28]) 
exhibit  a  further  increase  in  NFkB  expression  and  activation  rel¬ 
ative  to  LCC1  cells,  apparently  driven  by  increased  expression 
of  NEMO  (IKK7)  [75].  These  observations  imply  that  the  level 
of  activity  in  LCC1  cells  is  adequate  for  estrogen-independence 
but  not  AE  resistance.  Increased  activation  of  NFkB  [95]  and  loss 
of  its  antiestrogenic  regulation  in  LCC9  cells  [75]  suggest  that 
these  cells  might  be  dependent  upon  NFkB  for  survival/growth. 
Thus,  we  compared  the  growth  response  of  LCC1  and  LCC9  cells 
to  vehicle  or  parthenolide  (300  and  600  nM),  a  small  molecule 
inhibitor  of  NFkB  [149].  Parthenolide  produces  a  dose-dependent 
inhibition  of  MCF7/LCC9  cells  with  an  apparent  IC50  of  approxi¬ 
mately  600  nM  (p  <  0.01  at  both  300  and  600  nM  parthenolide). 
In  marked  contrast,  parthenolide  does  not  affect  growth  of  LCC1 
cells  at  either  of  these  concentrations  [75].  We  next  asked  if 
parthenolide  can  re-sensitize  LCC9  cells  to  FAS-mediated  apop¬ 
tosis.  FAS  and  parthenolide  synergize  to  induce  LCC9  cell  death 
[75].  Since  FAS  alone  is  inactive  [28],  this  synergism  reflects 
at  least  a  partial  reversal  of  the  FAS  resistance  component  of 
the  LCC9  cell  phenotype  and  implicates  NFkB  as  a  key  deter¬ 
minant  [75].  Thus,  AE  crossresistant  cells  exhibit  a  greater 
reliance  upon  NFkB  signaling  for  proliferation,  and  inhibition 


of  NFkB  restores  their  sensitivity  to  apoptosis  induced  by  FAS 
[95]. 


4.4.  Expression  ofER,  PGR ,  XBPl,  NFkB  and  IRFl  in  breast  tumors 

Using  gene  expression  microarrays,  we  previously  compared  the 
global  structures  of  the  transcriptomes  of  three  ER+  human  breast 
cancer  cell  lines  (MCF-7,  T47D,  ZR75-1 )  and  13  human  breast  tumors 
(11  ER+;  2  ER-)  and  showed  these  to  be  notably  similar  to  ER+ 
breast  tumors  from  patients  [  150].  The  striking  similarities  between 
cell  lines  and  tumors  are  supported  by  a  report  that  the  estrogen- 
regulated  genes  in  these  cell  lines  are  similarly  regulated  in  breast 
tumors  [151  ].  These  data  show  that  ER+  breast  cancer  cell  lines  and 
ER+  breast  tumors  in  women  share  global  similarities  in  the  struc¬ 
tures  of  their  respective  transcriptomes  [150],  and  that  these  cell 
lines  are  appropriate  models  in  which  to  identify  clinically  relevant 
endocrine-regulated  molecular  events  [150,151].  Nonetheless,  it  is 
necessary  to  show  that  the  seed  genes  we  have  selected  are  likely 
to  be  relevant  to  the  biology  of  ER+  breast  tumors. 

To  begin  to  explore  the  possible  clinical  relevance  of  these  func¬ 
tional  studies,  we  first  asked  if  we  could  detect  XBPl,  NFkB,  and 
IRFl  in  breast  tumors.  We  then  asked  whether  any  of  these  proteins 
were  coexpressed  in  patterns  consistent  with  the  experimental  data 
from  cell  lines.  Using  a  series  of  breast  cancer  tissue  arrays  com¬ 
prising  480  cores  from  54  breast  carcinomas  (mostly  ER+  tumors), 
we  applied  immunohistochemistry  to  explore  the  expression  of  the 
seed  genes  [152].  Pairwise  correlation  analyses  cannot  account  for 
the  possibility  that  unknown  associations  among  proteins  may  con¬ 
found  each  other,  so  we  applied  a  novel  use  of  partial  correlation 
coefficient  analysis.  Partial  correlation  analysis  allows  an  estimate 
of  the  correlation  between  two  variables  while  controlling  for  a 
third,  fourth  and/or  fifth  and  is  particularly  useful  in  the  analysis  of 
small  signaling  networks  of  3-5  variables  [153]. 

We  confirmed  the  well  established  coexpression  of  ERa  and  PgR, 
implying  that  the  samples  are  representative  of  most  ER+  breast 
cancers.  XBPl,  NFkB,  and  IRFl  are  each  found  in  a  high  propor¬ 
tion  of  breast  tumors  [152].  Total  XBPl  was  measured,  as  XBP1(S) 
antibodies  were  not  then  available.  XBPl  staining  is  variable  but 
detectable  in  79%  of  breast  tumors.  A  very  recent  study  has  reported 
a  significant  association  between  XBPl  (S)  mRNA  and  poor  response 
to  endocrine  therapy  [154]— entirely  consistent  with  our  studies  in 
breast  cancer  cell  lines  [76].  57%  of  the  tumors  express  detectable 
RELA  in  their  neoplastic  cells,  similar  to  a  prior  study  of  n  =  17  breast 
tumors  [146]. 

Expression  of  several  of  the  proteins  is  correlated  in  breast 
tumors.  IRFl  correlates  with  ER  and  PGR,  and  also  with  RELA 
and  XBPl.  While,  these  correlations  depend  on  the  subcellular 
localization  of  IRFl  and  some  are  direct  and  others  inverse  corre¬ 
lations,  they  are  fully  consistent  with  the  interpretation  that  these 
expression  patterns  reflect  functionally  relevant  signaling  links.  For 
example,  we  might  predict  that  IRFl  sequestered  in  the  cytosol, 
unlike  that  in  the  nucleus,  cannot  act  as  a  proapoptotic  TF  (the 
full  coexpression  patterns  are  described  detail  in  the  report  by  Zhu 
et  al.  [152]).  We  also  find  coexpression  of  XBPl  and  RELA,  consis¬ 
tent  with  the  observation  that  XBPl  may  be  downstream  of  NFkB 
[109].  When  each  of  the  significant  correlations  is  examined  in  the 
partial  correlation  coefficient  models,  the  IRFl,  NFkB,  and  XBP  cor¬ 
relations  remain  [152].  These  data  are  consistent  with  these  three 
reflecting  some  component  of  a  larger  signaling  network  active  in 
some  ER+  breast  cancers  and  further  support  their  selection  as  seed 
genes  from  which  to  grow  this  network  and  understand  its  topology 
and  function.  Moreover,  the  functional  data  from  our  experimen¬ 
tal  models  implies  that  this  network  links  signaling  and  function 
through  two  key  subcellular  components— mitochondria  and  the 
endoplasmic  reticulum. 
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Fig.  5.  Endocrine  resistance  seed-gene  network.  Simple  representation  of  a  seed-gene  network  of  XBP1,  NFkB  and  IRF1  based  on  functional  data  obtained  from  an  appropriate 
cellular  context  (resistant  MCF7/LCC9  cells). 


4.5.  Simple  representation  of  a  seed-gene  network  ofXBPl,  NFkB 
and  IRFt  based  on  functional  data  obtained  from  an  appropriate 
cellular  context 

The  experimental  data  supporting  the  wiring-diagram  repre¬ 
sentation  of  the  network  model  shown  in  Fig.  5  are  discussed  the 
preceding  sections.  Here  we  discuss  how  the  signals  may  flow 
through  this  network.  The  three  primary  seed  genes  of  IRF1,  XBP1, 
and  NFkB  are  evident  as  previously  proposed  [95].  IRF1  expres¬ 
sion  is  repressed  in  resistant  cells  [95]  but  induced  by  antiestrogens 
in  sensitive  cells  [65].  A  dominant  negative  IRF1  confers  an  antie¬ 
strogen  resistant  phenotype,  implying  that  IRF1 -driven  prodeath 
signaling  is  key  to  the  regulation  of  cell  fate  [65]. 

In  addition  to  changes  in  the  expression  of  IRF1,  the  upregula- 
tion  of  NPM  expression  [95,155]  could  also  affect  IRF1  action.  Both 
NPM  and  IRF1  are  estrogen-regulated  genes  in  MCF-7  cells,  IRF1 
expression  being  suppressed,  whereas  NPM  is  induced  [129,155]. 
Since  NPM  inhibits  the  transcription  regulatory  activities  of  IRF1 
[156],  the  increase  in  NPM  expression  could  bind  remaining  IRF1 
and  inhibit  its  ability  to  initiate  an  apoptotic  caspase  cascade.  We 
also  cannot  exclude  the  possibility  that  NPM  has  activities  inde¬ 
pendent  of  blocking  IRF1,  since  NPM  overexpression  is  sufficient 
to  transform  NIH  3T3  cells  in  a  standard  oncogenesis  assay  [156]. 
Increased  levels  of  serum  autoantibodies  to  NPM  predict  recurrence 
on  TAM  6-months  prior  to  clinical  detection  [157]. 

IRF1  and  NFkB  are  known  to  form  heterodimers  and  to  regulate 
directly  gene  expression  [158,159]  including  that  of  the  inducible 
nitric  oxide  synthase  promoter  [158].  Since  we  do  not  know  if  it  is 
primarily  the  gene  regulatory  effects  of  these  heterodimers,  or  if 
their  subcellular  location  is  key  (they  act  by  preferentially  seques¬ 
tering  one  or  the  other  so  that  transcriptional  regulation  does  not 
occur),  this  is  shown  as  a  dotted  line.  We  would  predict,  based  on 
the  inverse  expression  between  NFkB  and  IRF1  in  LCC9  cells  [95] 
and  in  some  breast  cancers  [152],  that  either  the  prodeath  effects 
of  any  remaining  IRF1  are  being  sequestered  by  NFkB  in  resistant 
cells  and/or  that  the  overexpression  and  activation  of  NFkB  leads  to 
a  dominance  of  its  prosurvival  activities.  The  increased  sensitivity 
of  resistant  cells  to  parthenolide  is  consistent  with  the  functional 
relevance  of  at  least  the  latter  signaling  outcome  [75]. 

We  have  previously  shown  that  the  upregulation  of  NFkB  in 
antiestrogen  resistant  cells  [95]  is  likely  driven  in  part  by  increased 
NEMO/IKK7  activity  [75].  The  prosurvival  activities  of  NFkB  are 
well  documented  [160].  Precisely  how  NFkB  regulates  cell  sur¬ 
vival  remains  to  be  fully  established  but  activation  of  prosurvival 


members  of  the  BCL2  gene  family  are  involved  in  both  acquired 
estrogen-independence  [147]  and  antiestrogen  resistance  [75,76]. 
While  NFkB  is  predicted  to  induce  transcription  ofXBPl  [109],  we 
have  yet  to  report  this  direct  regulation  in  breast  cancer  cells  (stud¬ 
ies  are  in  progress).  Whether  or  not  this  occurs,  XBP1  is  clearly 
upregulated  in  resistant  cells  [95]  and  this  activity  is  sufficient 
to  confer  both  estrogen-independence  and  antiestrogen  resistance 
[76].  More  recently,  increased  XBP1  mRNA  expression  has  been 
show  to  predict  for  a  poor  response  to  TAM  in  breast  cancer  patients 
[154]. 

The  central  role  of  XBP1  within  the  UPR  clearly  implicates 
UPR  activation  in  responsiveness  to  both  estrogen-withdrawal  and 
antiestrogen  treatment  [76].  UPR  also  is  known  to  induce  autophagy 
[  102  ],  although  whether  this  is  a  prosurvival  or  prodeath  autophagy 
remains  unclear  in  the  context  of  determining  endocrine  respon¬ 
siveness.  Autophagy  is  regulated,  at  least  in  part,  by  the  action  of 
BECN1.  BECN1  activity  is  regulated  by  BCL2,  which  binds  BECN1  and 
can  block  BECN1 -mediated  autophagy  [36]. 

The  regulation  of  BCL2  family  members  (BCL2,  BCL3,  and  prob¬ 
ably  others)  whether  by  IRF1,  NFkB,  and/or  XBP1,  can  affect  both 
autophagy  and  the  intrinsic  apoptosis  pathway.  The  intersection 
of  their  signaling  at  BCL2  family  members,  as  shown  in  Fig.  5, 
is  one  location  within  the  broader  network  where  the  balance 
between  prodeath  and  prosurvival  signaling,  and  whether  prodeath 
is  autophagic  or  apoptotic,  is  determined.  This  intersection  also 
links  signaling  through  the  UPR  and  endoplasmic  reticulum  to  the 
mitochondria  with  the  cell  fate  decision  mechanisms— at  least  in 
the  context  of  determining  cell  fate  in  the  context  of  endocrine 
responsiveness  in  breast  cancer.  The  signaling  depicted  in  Fig.  5 
represents  only  a  small  component  of  this  broader  network.  Nev¬ 
ertheless,  this  initial  wiring-diagram  is  consistent  with  a  body  of 
functional  data  in  experimental  models  and  it  provides  sufficient 
seed  genes,  their  edges,  and  the  directionality  of  these  edges,  to 
begin  a  more  detailed  exploration  of  this  central  network.  Under¬ 
standing  this  network’s  topology  and  function  will  lead  to  better 
candidates  for  drug  discovery  and  to  better  algorithms  to  predict 
how  individual  tumors  will  respond  to  specific  endocrine  therapies. 
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